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SECTION  1 


INTRODUCTION 

All  military  aircraft  structures  use  sldns  Surtened  to  substructures.  This  design 
results  in  thousands  of  fastener  holes  and  hidden  structure.  As  ftuigue  cracks  fiequently 
initiate  at  ftutena*  holes,  inspecting  the  area  immediately  around  the  hole  (and  under  the 
fastener  head)  is  critical  to  the  fli^t  safety  of  the  airfiame. 

Unfortunately,  the  existing  inspection  methods  used  to  detect  second  layer  cracks 
under  fasteners  (CUFs)  either  requires  fastener  removal  or  are  lacking  in  the  requisite 
sensitivity.  Fastener  removal  is  generally  a  difficult  and  expensive  task  which  can  itself 
result  in  damage  to  the  structure  and  is  undesirable  as  a  prerequisite  to  inspection.  Other 
existing  inspection  methods  which  can  detect  second  layer  cracks  without  removing  the 
fastener,  such  as  radiography  and  conventional  eddy  current,  will  detect  cracks  only  after 
they  have  grown  to  a  size  which  is  costly  or  difficult  to  repair. 

A  need  was  identified  by  Northrop  in  1989  for  improved  CUF  detection  on  the 
F/A-18  vertical  stabilizers.  CUFs  were  occurring  in  the  vertical  stabilizer  aluminum  spars 
which  are  fastened  under  composite  skins  by  titanium  fasteners.  A  sensitive  inspection 
system  was  needed  to  detect  CUFs  in  tlw  aluminum  spars  with  the  skins  and  fksteners 
installed.  For  this  reason,  an  updated/modified  low  firequency  eddy  current  array  (LFECA) 
system  was  designed  and  constructed  in  1990  by  Northrop.^  The  design  of  this  system 
was  based  on  previous  research  and  developnwnt  work  performed  under  Air  Force 
contracts  and  Northrop  independent  research  and  development  efforts.^*^  The  LFECA 
system  was  successfully  demonstrated  as  a  senative  CUF  detection  system  for  the  F/A-18 
vertical  stabilizer  inspection. 

This  program  was  to  develop  the  design  modifications  required  to  make  the 
LFECA  system  a  sensitive  second  layer  CUF  detection  system  for  airfirame  structures 
constructed  of  aluminum  skins  with  aluminum  substructures. 

1.1  PROGRAM  OBJECTIVE 

The  overall  objective  of  this  program  was  to  design  an  eddy  current  inspection 
system  to  detect  cracking  in  the  second  layer  of  fastened  aluminum  aircraft  structures 
without  requiring  the  removal  of  fasteners. 

1.2  PROGRAM  APPROACH 

This  program  defined  the  improvements  to  the  Northrop  LFECA  design  required 
to  achieve  maximum  sensitivity  to  CUFs  in  aircraft  structures  with  aluminum  skins  and 
substructures.  This  work  was  conducted  in  three  tasks. 
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1.2.1  TASK  f  -  BREADBOARD  DESIGN 

In  this  task,  the  hardware  improvements  to  the  LFECA  design  required  to  conduct 
an  eddy  current  inspection  on  second  layer  structures  were  defined.  A  major  portion  of 
this  task  was  focused  on  optimizing  the  LFECA  probe  de«gn.  Variations  in  probe  design 
were  evaluated  to  determine  thdr  impact  on  the  sensitivity  to  CUFs,  structure  ,and  probe 
placement.  These  evaluations  essentially  determined  the  effect  of  probe  design  on  the 
generation  of  an  eddy  current  field  and  the  detection  of  perturbations  in  the  field 
surrounding  a  fastener  hole.  Special  conaderation  was  given  in  the  probe  design  to  the 
ability  to  compensate  for  the  probe's  response  to  nonrelevant  features  such  as  adjacent 
structure  and  probe  placement.  The  results  of  these  evaluations  allow  for  the  design  of  an 
optimum  LFECA  probe  for  specific  or  general  applications. 

1.2.2  TASK  II  •  ALGORITHM  DEVELOPMENT 

In  this  task,  software  algorithms  were  developed  which  remove  or  isolate 
unwanted  probe  responses  from  the  CUF  response.  Responses  caused  by  structure  and 
probe  placement  are  two  examples  of  sources  for  unwanted  probe  responses.  The  unique 
features  of  the  LFECA  probe  design,  such  as  multiple  drive  coils  and  sense  coil  arrays,  are 
used  in  combination  with  a  multiparameter  analysis  method  to  form  the  compensation 
algorithms. 

1.2.3  TASK  III  •  DESIGN  EVALUATION 

In  this  task,  the  LFECA  system  design  improvements  developed  in  Tasks  I  and  II 
are  evaluated.  A  description  of  the  effectiveness  of  these  improvements  is  reported. 
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SECTION  2 

TASK  I  -  BREADBOARD  DESIGN 


In  this  task,  the  hardware  improvennents  to  the  LFECA  probe  and  ^stem  design 
required  to  conduct  an  eddy  current  inspection  of  second  layer  aluminum  airordt 
structures  were  d^ned.  A  series  of  analytical  and  experimental  evaluations  were 
performed  to  define  the  optimum  design  solutions.  Optimizing  the  LFECA  probe  design 
constituted  the  majority  of  effi>rt  in  this  task.  The  results  Srom  this  task  were  used  in  Task 
n  for  algorithm  development  and  in  Task  HI  for  design  evaluation. 

2.1  PROBE  DESIGN 

A  system  capable  of  measuring  the  three  dimensional  magnetic  field  profiles  of 
potential  L^C  A  probe  configurations  was  developed  for  use  in  this  program.  This  system 
was  used  to  perform  a  series  of  experimental  evaluations  to  establish  a  background  for 
designing  improved  LFECA  probes  and  compensation  algorithms.  The  basic  goal  was  to 
improve  CUF  sensitivity  and  improve  the  ability  to  compensate  for  nonCUF  related 
responses.  A  summary  of  the  most  salient  results  of  these  evaluations  and  their 
relationship  to  improving  the  LFECA  system  design  will  be  presented. 

2.1.1  Sense  Coil  Optimization 

The  current  LFECA  probe  design  uses  the  sense  coils  to  detect  the  normal 
magnetic  field  component  present  at  the  outer  rim  of  the  probe  core.  A  series  of 
measurements  were  performed  to  evaluate  the  benefit  of  altering  the  sense  coil 
arrangement  and/or  the  magnetic  field  componoit  sensed.  In  these  measuronents  the 
transverse  and  normal  magnetic  field  components  present  at  the  face  of  the  probe  were 
measured  under  different  probe  and  specimen  conditions. 

Figure  I  shows  a  sketch  of  the  experimental  setup  used  to  measure  the  magnetic 
fields  present  at  the  probe  face  as  the  probe  drive  coil  is  energized.  A  slender  magnetic 
field  sensor  is  inserted  between  the  probe  face  and  an  aluminum  test  specimen.  A  gap  of  2 
mm  (0.08-inch)  is  required  between  the  probe  and  the  test  specimen.  An  x-y-z  scanning 
bridge  is  attached  to  the  sensor  enabling  the  mapping  of  the  fields  across  the  probe  face. 
Depending  on  sensor  orientation,  the  sensor  can  detect  either  the  normal  or  transverse 
magnetic  field  component.  One,  two,  and  three  dimensional  field  maps  have  been 
constructed  from  measurements;  however,  only  one  dimentional  (single  line)  scans  are 
presented  in  this  report.  The  magnetic  field  maps  are  stored  on  floppy  disk  and  can  be 
used  as  a  reference  to  produce  a  map  of  the  difference  between  two  test  specimens.  For 
example,  the  difference  between  a  specimen  with  and  without  a  CUF  can  be  shown  to 
demonstrate  the  effect  of  a  CUF. 
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FIGURE  1 .  MAGNETIC  HELD  MEASUREMENT  SET-UP. 
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FIGURE  2.  NORMAL  MAGNETIC  FIELD  COMPONENT  AMPLITUDES  AT 
THE  PROBE  FACE  DUE  TO  A  2.5  mm  SLOT  AND  A  5.0  mm 
SLOT  USING  A  10  kHz  INSPECTION  FREQUENCY. 
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CUF  Response 

The  LFECA  probe  detects  a  CUF  by  sen»ng  the  change  in  eddy  current 
distribution  caused  by  the  CUF.  A  LFECA  probe  centered  on  a  hole  creates  a  distribution 
of  eddy  currents  around  the  hole.  A  CUF  disrupts  these  currents  causing  them  to  divert 
from  the  region  around  the  hole  at  the  crack  site.  If  the  eddy  current  distribution  of  a  hole 
with  a  CUF  were  compared  to  the  distribution  without  a  CUF,  the  diflerence  between 
these  distributions  would  be  a  current  which  encircles  the  CUF.  Therefore,  the  fields 
caused  by  a  CUF  can  be  modeled  as  a  current  loop  which  encircles  the  CUF.  The  shape 
and  size  of  the  current  loop  are  determined  by  the  CUF  size  and  inspection  frequency.  A 
larger  CUF  results  in  a  larger  sized  loop.  At  high  frequencies  the  current  loop  flows 
closely  around  the  CUF  and  as  the  inspection  frequency  is  decreased  the  current  loop 
spreads  out  in  a  radial  direction  from  the  CUF. 

Figure  2  shows  the  normal  magnetic  field  component  due  to  a  2.S  mm  (0.1-inch) 
and  a  S  O  mm  (0.2-inch)  through  slot  radiating  from  the  fastener  hole.  Using  the  setup 
shown  in  Figure  1,  this  measurement  was  taken  by  ;  canning  the  sensor  in  a  line  which  ran 
lengthwise  along  the  CUF  and  through  the  center  of  the  fastener  hole.  A  specimen 
v/ithout  a  slot  was  scanned  as  a  reference  and  the  eddy  current  field  response  was 
subtracted  from  that  for  specimens  with  slots  to  obtain  the  slot  responses.  Each  of  the 
specimens  had  7.8  mm  (0.3 12-inch)  holes.  Fasteners  were  not  installed  for  the  scans.  The 
experimental  procedure  is  a  good  approximation  for  titanium  or  stainless  steel  fasteners 
which  have  a  permeability  of  1  and  low  conductivity.  In  Figure  2  the  peak  response  of  the 
fields  occurs  a  little  more  than  halfway  along  the  slot  length.  This  is  compatible  with  the 
model  of  a  current  loop  encircling  the  CUF. 

Figure  2  showed  the  distribution  of  fields  to  be  expected  at  high  frequencies  (10 
kHz)  because  of  a  near  surface  CUF.  Figure  3  shows  a  scan  of  the  2.5  mm  (0. 1 -inch)  slot 
at  10  kHz  (as  shown  in  Figure  2)  and  at  600  Hz.  A  reduction  in  frequency  causes  a 
spreading  of  the  fields  in  a  radial  direction  away  from  the  slot  and  a  drift  in  the  peak  away 
from  the  hole  ( to  over  the  slot  tip).  Figure  4  shows  a  scan  across  the  width  of  the  2.5  mm 
(0.1 -inch)  slot  at  10  kHz  and  at  600  Hz.  The  fields  spread  in  the  same  manner  as  they 
move  beyond  the  slot  tip,  as  seen  in  Figure  3. 

The  change  in  current  distribution  with  frequency  can  be  easily  visualized  by 
observing  the  changes  in  the  transverse  magnetic  field  component.  The  distribution  of  this 
component  resembles  the  eddy  current  distribution.  Figure  5  shows  the  transverse 
magnetic  fields  (field  component  in  slot  length  direction)  from  a  5  mm  (0.2-inch)  slot  at  10 
kHz  and  600  Hz.  The  high  frequency  response  (10  kHz)  shows  the  positive  and  negative 
cycles  that  would  be  expected  from  a  scan  across  a  loop  of  current  tightly  encircling  the 
slot.  The  low  frequency  response  (600  Hz)  has  the  same  shape  near  the  fastener  hole  but 
does  not  have  a  companion  peak  beyond  the  crack  tip.  The  fields  spread  beyond  the  crack 
tip,  as  is  indicated  by  the  outward  drift  of  the  normal  magnetic  field  component  peak 
(shown  in  Figure  3)  into  the  material.  The  fields  (eddy  currents)  at  the  edge  of  the  hole  do 
not  spread  because  of  the  boundary  imposed  by  the  walls  of  the  fastener  hole. 
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FIGURE  3.  NORMAL  MAGNETIC  FIELD  COMPONENT  AMPLITUDES  AT  10 
kHz  AND  AT  600  Hz  DUE  TO  A  2.5  mm  SLOT. 


SLOT 


!  SCAN  DIRECTION 

! 


FIGURE  4.  NORMAL  MAGNETIC  FIELD  COMPONENT  AT  10  kHz  AND  600 
Hz  DUE  TO  A  2.5  mm  SLOT  WHEN  SCANNED  ACROSS  THE 
WIDTH  OF  THE  SLOT. 
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FIGURE  5.  TRANSVERSE  MAGNETIC  HELD  COMPONENTS  AT  10  kHz 
(TOP)  AND  AT  600  Hz  (BOTTOM)  DUE  TO  A  5.0  mm  SLOT. 
HORIZONTAL  SCALES  ARE  DIFFERENT  TO  SHOW  RADIAL 
SPREAD  AT  LOW  FREQUENCIES. 


All  the  responses  shown  so  far  have  been  from  near  sur&ce  defects.  The  response 
from  a  CUF  residing  in  the  second  layer  under  an  aluminum  skin  can  also  be  modeled 
using  the  current  loop  analogy.  Two  additional  effects  need  to  be  considered  to 
understand  the  fields  originating  from  a  second  layer  CUF.  These  are  (1)  shielding  of  the 
second  layer  by  the  aluminum  skin  and  (2)  the  increased  distance  from  the  probe  face  to 
the  second  layer. 

Shielding  by  the  aluminum  skin  decreases  the  magnetic  field  strength  penetrating 
the  second  layer  thereby  reducing  the  strength  of  the  eddy  currents  induced  in  the  second 
layer.  Shielding  also  reduces  the  fields  radiated  by  the  eddy  current  loop  around  the  CUF. 
The  result  is  a  significant  reduction  in  magnetic  field  strength  measured  at  the  probe  face. 
The  degree  of  reduction  is  frequency  dependent  following  the  skin  depth  relationship. 
Shielding  also  causes  the  field  distribution  to  be  narrowed  to  more  directly  over  the 
CUF/current  loop  (this  is  a  minor  effect).  In  addition  to  the  magnitude  reduction,  the  fields 
are  delayed  (phase  shifted)  dependent  on  the  frequency  (delay  is  in  proportion  to 
thickness/skin  depth). 

The  increased  distance  between  the  probe  face  and  the  second  layer  results  in  a 
reduced  magnetic  field  magnitude  as  well  as  weaker  eddy  currents  in  the  second  layer. 
This  occurs  because  of  the  probe  drive  coil  geometry.  At  low  frequencies  the  rec^  :ion  in 
field  strength  due  to  drive  coil  geometry  u»ially  predominates  over  reductions  caused  by 
the  shielding  effect  of  the  aluminum  skin.  An  increased  distance  also  results  in  a 
spreading  of  the  fields  radiating  from  the  currents  looping  around  the  CUF.  Figure  6 
shows  a  scan  of  the  normal  magnetic  field  component  resulting  from  a  5  mm  (0.2-inch) 
slot  with  minimum  (2  mm  or  0.08-inch)  and  increased  (6.3  nun  or  0.25-inch)  distance 
from  the  probe  face  to  the  test  specimen.  Increased  lift-off  also  causes  the  fields  to  spread 
in  a  radial  direction  away  from  the  CUF.  This  is  the  same  effect  that  is  observed  as  the 
distance  (on  axis)  from  a  current  loop  is  increased  and  closely  follows  analytic  predictions. 

Based  on  these  measurements,  it  appears  that  moving  the  sense  coils  closer  to  the 
fastener  hole  could  help  improve  CUF  sensitivity.  Improvements  in  CUF  sensitivity  would 
also  be  at  the  expense  of  sensitivity  to  adjacent  structure.  The  exact  placement  of  the 
sense  coils  is  a  compromise  between  CUF  and  adjacent  structure  sensitivity.  If  a  sense 
coil  sensitive  to  the  normal  magnetic  field  component  is  used,  it  should  be  placed  as  near 
to  the  center  as  possible  to  reduce  adjacent  structure  sensitivity.  Placing  the  sense  coil 
closer  to  the  center  will  achieve  a  greater  sensitivity  to  small  CUFs;  however,  this 
arrangement  will  also  reduce  the  sensitivity  to  larger  and  second  layer  CUFs.  Concentric 
sense  coil  arrays  may  be  a  useful  approach  to  optimizing  sensitivity  to  small  and  large 
CUFs  This  arrangement  would  also  provide  more  information  on  adjacent  structure. 
Another  option  would  be  to  enlarge  the  sense  coils  in  the  radial  direction.  This  would 
increase  the  area  of  sensitivity  and  provide  information  from  a  larger  area  of  the  CUF 
fields. 


Using  a  sensor  which  is  sensitive  to  the  transverse  magnetic  field  component  rather 
than  the  normal  magnetic  field  component  may  not  be  as  attractive  as  originally  thought. 
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FIGURE  6.  NORMAL  MAGNETIC  FIELD  DUE  TO  A  5  mm  SLOT  WITH  A  2 
mm  AND  A  6.3  mm  SPACING  BETWEEN  THE  PROBE  FACE 
AND  THE  SPECIMEN. 


First,  the  magnitude  of  the  transverse  magnetic  field  component  is  usually  two  to  three 
times  smaller  than  the  normal  nuignetic  field  component.  This  was  determined  from  both 
analytical  calculations  and  experimental  measurements.  Secondly,  integrating  a  sense  coil 
which  is  on  its  side  into  the  LFECA  probe  imposes  some  practical  difficulties.  However, 
the  transverse  nuignetic  fields  close  to  the  fastmer  hole  (due  to  the  eddy  currents  against 
the  fastener  hole)  could  be  a  viable  region  of  interest  (see  Figure  5).  Detecting  these  fields 
would  have  some  advantage  in  that  they  are  close  to  the  fastener  hole  and  would  have 
little  sensitivity  to  adjacent  structure.  This  fidd  component  would  also  be  more 
proportional  to  CUF  size  and  more  sensitive  to  the  fastener  hole. 

OfT-Center  Response 

A  series  of  measurements  were  performed  to  demonstrate  the  magnetic  fidd 
perturbations  caused  by  off-centering  the  probe.  Figure  7  shows  a  series  of  scans 
measuring  the  normal  magnetic  field  component  at  increasing  off-center  distances  (0.2  to 
1 .0  mm).  The  off-center  responses  are  linearly  proportional  to  the  off-  center  distance  and 
agree  with  observations  made  in  the  past  using  the  LFECA  probe.  The  field  distribution  is 
indicative  of  having  two  current  loops;  one  loop  on  each  side  of  the  hole  each  with 
opposite  current  directions.  The  loop  shape  is  a  rounded  crescent  which  conforms  to  the 
fastener  hole.  The  two-  dimensional  fields  from  the  off-center  scan  differ  from  the  CUF 
field  response.  This  occurs  because  the  current  loop  caused  by  the  CUF  conforms  to  the 
CUF  while  the  off-center  currents  conform  to  the  hole.  The  sense  coil  array  could  be 
configured  to  optimize  its  ability  to  detect  the  difference  in  spatial  distribution  between  a 
CUF  and  other  features.  In  addition  to  spatial  differences  between  off-center  and  CUF 
responses,  there  is  a  difference  in  the  phase  response.  At  lower  frequencies,  see  Figure  8, 
the  fields  due  to  an  off-center  condition  spread  out  more  in  the  radial  direction  but 
maintain  a  linear  relationship  between  field  magnitude  and  off-center  distance. 

Edge  Response 

The  effect  of  an  adjacent  edge  on  the  fields  can  be  modeled  by  a  loop  of  current 
aligned  along  the  edge.  The  fields  generated  by  this  perturbation  have  different  phase  and 
two  dimensional  features  than  the  field  produced  by  a  CUF.  Figure  9  shows  a  series  of 
scans  of  the  normal  magnetic  field  component  across  three  specimens  each  with  different 
hole  to  edge  distances  (  IS,  12  &  9  mm  hole  center  to  edge  distances).  The  specimen-to- 
probe  face  distance  was  6.3  mm  (0.25-inch)  to  produce  results  similar  to  a  second  layer 
edge  response.  The  fields  spread  away  from  the  edge  and  interfere  with  those  originating 
at  the  fastener  hole.  However,  these  fields  have  a  different  phase  angle  and  spatial 
distribution  from  the  fields  originating  at  the  fastener  hole. 

Steel  Fastener  Response 

The  data  presented  thus  far  are  representative  of  the  response  anticipated  from  a 
structure  fastened  with  a  titanium,  stainless  steel  (nonferromagnetic)  or  aluminum  fastener. 
A  steel  (ferromagnetic)  fastener  introduces  an  additional  factor  which  determines  the  fields 
near  the  fastener  hole.  Approximately  eight  times  more  current  is  generated  in  a 
ferromagnetic  steel  fastener  head  and  shank  than  in  an  aluminum  fastener.  Figure  10 
shows  a  comparison  of  the  magnitudes  of  the  transverse  magnetic  field  components  at  600 
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FIGURE  7.  NORMAL  MAGNETIC  RELD  COMPONENT  DUE  TO  OFF- 

CENTER  AT  10  kHz.  eCANS  AT  0.2, 0.4, 0.0, 0.8  AND  1.0  mm 
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FIGURE  8.  NORMAL  MAGNETIC  RELD  COMPONENT  DUE  TO  OFF- 

CENTER  AT  800  Hz.  SCANS  AT  0.2, 0.4, 0.8, 0.8  AND  1.0  mm 
OFF-CENTER  DISTANCES. 
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FIGURE  9.  NORMAL  MAGNETIC  FIELD  COMPONENT  DUE  TO  DIFFERENT 
EDGE  TO  HOLE  DISTANCES.  HOLE  CENTER  LINE  TO  EDGE 
DISTANCES  OF  9, 12,  AND  15  mm. 
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FIGURE  10.  TRANSVERSE  MAGNETIC  FIELD  COMPONENT  DUE  TO  A  7.8 
mm  STEEL  FASTENER  AND  AN  ALUMINUM  FASTENER  AT  600 
Hz. 
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Hz  for  an  aluminum  and  a  steel  ferromagnetic  fastener.  The  probe  used  in  this  test  was  a 
ferrite  pot  core  with  a  solid  center  post  that  was  the  same  diameter  as  the  fastener  hole. 
The  probe  induces  a  current  in  the  head  of  the  fastener.  This  current  can  reduce  the 
sensitivity  to  CUFs  by  causing  a  response  which  cannot  be  fiilly  accounted  for  in  the 
compensation  algorithms.  Fastener  head  currents  can  be  reduced  by  deigning  the  probe 
core  with  a  hole  that  is  the  size  of  the  fastener  head  in  the  center,  thereby  minimizing  the 
flux  directed  into  the  fastener  head.  This  approach  has  been  used  in  the  past  with  good 
success. 

The  steel  fastener  also  acts  as  an  extension  to  the  center  post  of  the  probe  core. 
Figure  1 1  shows  a  scan  of  the  transverse  magnetic  fields  transmitted  through  a  6.3  mm 
(0.2S-inch)  thick  aluminum  specimen  with  a  7.8  mm  (0.312-inch)  steel  fastener,  an 
aluminum  fastener,  and  through  6.3  mm  of  air.  The  sensor  was  scanned  across  the  back 
side  of  the  aluminum  passing  through  the  center  line  of  the  fastener.  The  magnitude  of  the 
through  transmitted  fields  is  greatly  increased  because  of  the  steel  fastener.  The  presence 
of  the  ferromagnetic  steel  fastener  means  the  fields  are  excluded  from  the  fastener  hole 
and  brought  closer  to  the  hole  (less  radial  spread).  At  frequencies  less  than  1  kHz,  the 
fields  are  of  greater  magnitude  through  the  6.3  mm  (0.2S-inch)  aluminum  skin  with  a  steel 
fastener  than  through  air  at  the  same  distance  from  the  probe  face.  At  frequencies  greater 
than  1  kHz  the  shielding  effect  of  the  aluminum  reduces  the  fields  to  less  than  the  fi'ee  air 
response,  but  the  fields  are  always  greater  with  a  steel  fastener  than  an  aluminum  or 
titanium  fastener.  As  fi’equency  is  increased,  the  difference  between  the  through 
transmitted  fields  for  steel  and  nonferromagnetic  fastener  becomes  less. 

A  result  of  the  increased  field  strength  because  of  the  steel  fastener  is  an  increased 
sensitivity  to  features  near  the  fastener  hole.  The  sensitivity  to  off-center  and  CUFs  is 
substantially  greater  at  fi-equencies  less  than  1  kHz.  Figure  12  shows  a  scan  of  the  normal 
magnetic  field  component  at  600  Hz  at  increasing  off-center  distances  (0.2,  0.4,  0.6,  0.8  & 
1.0  mm)  or  (0.008,  0.016,  0.024,  0.032,  0.04-inch).  Compare  this  figure  to  Figure  8 
which  shows  the  same  off-center  conditions  at  600  Hz,  but  without  the  steel  fastener. 

Sense  Coil  Orientation  and  Placement 

In  an  effort  to  improve  the  LFECA  probe  design  it  became  apparent  that  an 
alternate  sense  coil  placement  would  provide  improved  sensitivity.  Several  options  are 
available  for  the  arrangement  of  sense  coils.  Since  sense  coils  could  be  placed  on,  against 
or  away  from  the  ferrite  core  the  interaction  between  the  core  and  sense  coils  needs  to  be 
considered  in  sense  coil  design.  A  series  of  experiments  were  performed  to  determine  the 
effect  of  the  ferrite  core  on  the  sense  coil  response  for  various  placements  and  orientations 
within  the  core.  A  3  mm  diameter  coil  was  used  to  simulate  the  current  loop  that  would  be 
caused  by  a  CUF.  The  coil  was  scanned  under  the  sense  coil  at  0,  2.5,  5.0  and  7.5  mm 
coil  to  coil  distances  to  determine  the  relative  spatial  response  of  the  sense  coil.  This  is  a 
crude  approximation  to  the  fields  created  by  a  CUF  but  does  capture  the  essential 
character  of  the  fields  created  by  a  CUF. 
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FIGURE  12.  NORMAL  MAGNETIC  FIELD  COMPONENT  AT  THE  PROBE 
FACE  DUE  TO  OFF-CENTER  (0.2, 0.4,  0.6, 0.8,  AND  1.0  mm) 
WITH  A  STEEL  FASTENER  AT  600  Hz. 
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FIGURE  13.  SPATIAL  RESPONSE  OF  A  2  mm  DIAMETER  SENSE  COIL  IN 
AIR  AS  A  3  mm  DIAMETER  COIL  IS  SCANNED  BY  AT 
DISTANCES  OF  0.  2.5.  5.0  AND  7.5  mm.  SENSE  COIL  IS 
ORIENTED  TO  DETECT  THE  TRANSVERSE  MAGNETIC  FIELD 
COMPONENT. 
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FIGURE  14.  SPATIAL  RESPONSE  OF  SAME  SET-UP  USED  IN  FIGURE  13 
WHEN  THE  SENSE  COIL  IS  PLACED  UP  AGAINST  THE 
FERRITE  CORE. 
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When  a  sense  coil  is  placed  next  to  the  ferrite  core  you  would  expect  the  core  to 
act  as  a  shield  which  would  nKxliiy  the  spatial  sensitivity  of  the  coil.  Figure  13  shows  the 
spatial  response  of  a  2  mm  diameter  sense  coil  in  air  as  the  3  mm  diameter  coil  is  scanned 
at  coil-to-coil  distances  of  0,  2.5,  S.O,  and  7.5  mm.  The  sense  coil  is  oriented  to  detect  the 
transverse  magnetic  field  component  generated  by  the  simulated  CUF.  Figure  14  shows 
the  spatial  response  when  the  same  sense  coil  is  placed  up  against  the  forite  core  with  it's 
edge  flush  with  the  core  face.  Note  that  the  ferrite  core  acts  as  a  shield  when  it  is  between 
the  sense  coil  and  the  source  of  the  generated  fields.  The  response  magnitude  is  increased 
(10%)  slightly  and  the  sensitive  region  is  more  localized  to  directly  under  the  sense  coil. 
The  increase  in  response  magnitude  is  dependent  on  the  width  of  the  core  with  a  wider 
core  resulting  in  a  greater  response  magnitude.  TIk  senritivity  with  depth  is  also  improved 
by  40%  to  60%,  e  g.,  sensitivity  with  depth  drops  at  a  slower  rate.  The  shidding  effect 
would  be  useful  in  reducing  the  sensitivity  to  adjacent  structure  and  fastener  head  signals. 

Figure  15  shows  the  spatial  response  if  the  sense  coil  is  positioned  centered 
between  the  core  outer  rim  and  center  post.  The  coil  is  oriented  to  detect  the  transverse 
magnetic  field  component  and  is  positioned  flush  with  the  core  face.  The  core  focuses  the 
sense  coil  spatial  response,  reducing  the  sensitivity  with  depth  and  localizing  the  sensitivity 
to  more  directly  under  the  sense  coil.  The  response  magnitude  is  also  considerably 
reduced,  a  70%  reduction  compared  to  the  response  when  no  core  is  present. 

Whether  the  sense  coil  is  against  or  away  from  the  ferrite  core  the  maximum 
sensitivity  is  achieved  when  the  sense  coil  is  as  near  to  the  face  of  the  probe  as  possible.  If 
the  sense  coil  is  recessed  into  the  core  the  response  magnitude  will  drop  approximately 
50%  for  every  1  mm  the  sense  coil  is  recessed  into  the  core.  The  spatial  response  is 
bro'.tdened  with  increasing  recession  into  the  core  as  would  be  expected  even  without  the 
presence  of  the  ferite  core. 

A  sense  coil  which  is  oriented  to  detect  the  normal  magnetic  field  component  is  not 
as  affected  by  it's  placement  within  the  core.  Placing  the  sense  coil  up  against  the  ferrite 
core  does  not  significantly  alter  the  spatial  sensitivity  of  the  coil  either  laterally  or  depth 
wise.  Figure  16  shows  the  spatial  responses  of  the  2  mm  coil  to  the  3  mm  CUF  coil  at 
distances  of  2.5,  5.0,  and  7.5  mm  coil  to  coil  distances.  This  sense  coil  was  placed  up 
against  the  side  of  the  ferrite  core  flush  with  the  core  face.  Recessing  the  sense  coil  into 
the  core  causes  a  rapid  decrease  in  the  response  magnitude  as  well  as  a  modest  reduction 
in  the  response  magnitude  in  the  direction  toward  the  ferrite  core  due  to  the  core  acting  as 
a  shield.  For  a  sense  coil  oriented  to  detect  the  normal  field  component  which  is  located 
flush  with  the  core  face,  the  core  will  have  only  a  minimal  effect. 

Previous  LFECA  probe  designs  have  had  the  sense  coils  placed  on  (rather  than 
next  to)  the  ferrite  core.  The  sense  coils  are  placed  onto  a  post  which  is  an  integral  part  of 
the  ferrite  core.  The  sense  coil  having  a  ferrite  core  gives  rise  to  a  pronounced  increase  in 
the  open  circuit  voltage  induced  by  a  magnetic  field  in  the  sense  coil.  A  series  of 
experiments  were  performed  to  evaluate  the  interaction  of  the  sense  coil  and  ferrite  core 
when  the  sense  coil  is  placed  on  the  ferrite  core. 
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FIGURE  15.  SPATIAL  RESPONSE  OF  SAME  SET-UP  USED  IN  FIGURE  13 
WHEN  THE  SENSE  COIL  IS  CENTERED  BETWEEN  THE 
CENTER  POST  AND  OUTER  RIM  OF  THE  FERRITE  CORE. 
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FIGURE  16.  SPATIAL  RESPONSE  OF  THE  SENSE  COIL  WHEN  ORIENTED 
TO  DETECT  THE  NORMAL  COMPONENT  OF  THE  MAGNETIC 
FIELD  GENERATED  BY  THE  3  mm  COIL  SCANNED  BY  AT 
DISTANCES  OF  0,  2.5,  5.0  AND  7.5  mm. 
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To  measure  the  effect  of  recessing  the  sense  coil  up  a  ferrite  post,  the  2  nun  sense 
coil  was  placed  on  the  end  of  a  2  mm  diameter  by  7  mm  long  ferrite  rod  and  was  scanned 
through  the  fields  generated  by  the  3  mm  CUF  coil  at  coil  to  ferrite  distances  of  0,  2.S, 
S  O,  and  7.S  mm.  Scans  were  performed  with  the  sense  coil  flush  with  the  end  of  the  rod 
and  at  recessed  distances  of  1,  2.S,  and  S  O  mm.  This  procedure  was  performed  for  both 
the  normal  and  transverse  orientations  of  the  sense  coil  relative  to  the  CUF  coil. 

For  the  normal  oriented  sense  coil,  the  ferrite  rod  increased  the  response 
magnitude  by  240%  and  was  at  a  maximum  in  response  when  the  sense  coil  was  flush  with 
the  ferrite  rod  end.  The  response  magnitude  was  unaffected  by  a  1  mm  recess  and  drops 
by  only  10%  for  every  1  mm  of  recession  up  the  rod.  This  is  approximately  20%  of  the 
rate  at  which  the  response  magnitude  decays  with  recession  for  a  sense  coil  not  on  a  ferrite 
core.  As  the  sense  coil  is  recessed  up  the  ferrite  rod  the  spatial  response  broadens  and  the 
depth  response  improves.  Figures  17  and  IS  show  the  spatial  responses  at  0  and  S.O  mm 
recession.  Note  that  at  a  distance  of  7.5  mm  fi’om  the  end  of  the  rod,  the  5  mm  recessed 
coil  has  1 .7  times  the  response  magnitude  as  the  0  mm  recessed  coil.  Recessing  the  sense 
coil  results  in  an  improved  depth  sensitivity  at  the  cost  of  spatial  resolution.  The  effect  is 
comparable  to  making  the  sense  coil  larger  in  diameter  with  fewer  windings. 

Multiple  Sense  Coil  Arrays  and  Sense  Coil  Placement 

In  order  to  discriminate  between  different  effects  such  as  CUFs,  edges,  and  off- 
center,  multiple  parameters  need  to  be  measured.  One  way  of  accomplishing  this  is  to  use 
multiple  concentric  arrays  to  measure  the  radial  distribution  of  the  magnetic  fields  induced 
by  the  probe.  To  simulate  multiple  concentric  arrays  and  to  also  evaluate  the  effect  of 
sense  coil  placement,  a  core  with  five  sense  coils  was  constructed  as  shown  in  Figure  19. 
The  coils  were  all  or.,nted  to  detect  the  magnetic  field  normal  to  the  probe  face.  Of  the 
five  coils,  four  were  placed  at  increasing  radial  distance  fi'om  the  center  of  the  probe  and 
one  coil  (coil  3)  was  a  larger  area  coil  which  was  effectively  the  equal  of  the  integral  of  the 
two  innermost  coils  (coils  1  &  2).  Coils  1,  2  and  3  were  between  the  center  post  and  outer 
rim  of  the  probe  core.  Coil  4  was  located  on  the  outer  rim  of  the  ferrite  core  and  is 
representative  of  the  previous  LFECA  probe  designs  and  provided  a  means  in  which  to 
compare  these  results  to  prior  LFECA  probe  results.  Coil  5  was  located  outside  the  outer 
rim  of  the  core. 

A  series  of  evaluations  were  performed  to  compare  the  response  characteristics  of 
the  coils  to  CUFs,  edges  and  etc.  The  following  is  a  summary  of  the  observations  derived 
from  these  tests: 

Second  Layer  CUF  Response 

For  thinner  metallic  skins,  the  sense  coil  located  closest  to  the  probe  center  or 
fastener  hole  wall  (coil  1)  has  an  increased  sensitivity  and  sharper  spatial  response  to  a 
small  CUF.  The  sense  coil  response  to  a  small  CUF  decreases  with  radial  distance  from  the 
probe  center,  e  g.  coil  1  >  coil  2>  coil  4  >  coil  5.  There  is  also  a  slight  broadening  of  the 
spatial  response  and  a  shift  in  phase  response  with  increasing  radial  distance.  All  the  above 
observations  are  consistent  with  the  CUF  perturbed  magnetic  fields  being  restricted  to 
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FIGURE  17.  SPATIAL  RESPONSE  OF  SENSE  COIL  MOUNTED  FLUSH  ON 
END  OF  FERRITE  ROD  AT  DISTANCES  OF  0,  2.5.  5.0  AND  7.5 
mm. 
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FIGURE  18.  SPATIAL  RESPONSE  OF  SENSE  COIL  RECESSED  5.0  mm 
FROM  END  OF  FERRITE  ROD  AT  DISTANCES  OF  0,  2.5,  5.0 
AND  7.5  mm  DISTANCES. 


FIGURE  19. 


FIGURE  20. 
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VIEW  OF  PROBE  FACE  SHOWING  8EHSE  COIL  PLACEMENT  FOR 
SIMULATING  MULTI-ARRAYS  AND  DIFFERING  SENSE  COIL 
PLACEMENT.  FIVE  SENSE  COILS  ARE  SHOWN,  FOUR  AT 
INCREASING  RADIAL  DISTANCE  FROM  THE  PROBE  CENTER 
AND  ONE  LARGER  SENSE  COIL. 
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VIEW  OF  PROBE  FACE  SHOWING  LOCATION  OF  THE  DIFFERENT 
ORIENTATION  SENSE  COILS.  COILS  ORIENTED  TO  DETECT  THE 
RADIAL  (COIL  #1),  TANGENTIAL  (COIL  «2).  AND  NORMAL  (COILS 
#3  AND  #4)  MAGNETIC  FIELD  COMPONENTS  ARE  SHOWN. 
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more  directly  over  the  CUF  (for  thin  sldns  3  mm  or  less).  An  ^solute  gain  in  sensitivity  to 
small  CUFs  of  over  200%  can  be  achieved  for  thinner  skins  by  moving  the  sense  coils 
inward  from  the  outer  rim  (  coil  1  vs.  coil  3). 

For  thicker  skins,  the  differaice  between  the  response  magnitudes  of  sense  coils  1 
to  4  due  to  a  CUF  are  much  smaller.  An  increase  in  skin  thickness  results  in  a  significant 
spreading  of  the  CUF  perturbed  magnetic  fields  and  therefore  less  variation  in  res^nse 
with  changing  radial  distance.  The  general  conclusion  to  be  drawn  from  these  results  is 
that  to  maximize  CUF  sensitivity  when  in^)ecting  through  thicker  skins  there  is  little 
benefit  to  using  multiple  concentric  arrays  located  within  the  core  (such  as  the  coils  1.2, 
and  4).  The  additional  information  (radial  depaidence  of  response)  gained  is  not  very 
helpful  for  improving  CUF  sensitivity.  Although  it  could  be  useful  for  determining  CUF 
size  since  there  is  a  response  difference  indicative  of  CUF  length.  An  array  made  from  coil 
3  or  a  larger  coil  which  would  extend  under  the  ferrite  rim  (essentially  coil  3  plus  coil  4) 
offers  the  greatest  sensitivity  to  CUFs. 

There  is  a  practical  limitation  to  the  use  of  multiple  arrays  due  to  the  requirement 
for  the  sense  coil  output  to  be  above  the  electrical  noise  level.  Since  the  coil  output  is 
proportional  to  coil  area  and  number  of  turns,  there  is  a  minimum  size  for  the  coil.  For  an 
air  coil  the  depth  of  a  sense  coil  is  limited  to  approximately  S  mm,  any  additional  depth  is 
not  effective.  A  requirement  for  a  minimum  si^  will  eliminate  the  possibility  for  multiple 
arrays  located  within  the  core  to  only  the  larger  cores  sizes.  For  the  1  micro-volt  noise 
level  present  in  the  LFECA  system  electronics  this  limits  the  coil  size  to  about  a  2.5  mm 
diameter  coil  to  detect  a  1.25  mm  second  layer  CUF  through  a  6.4  mm  skin  given  the 
current  probe  drive  current.  A  sense  coil  on  the  ferrite  core  has  a  higher  output 
(approximately  three  times)  due  to  the  effective  permeability  of  the  ferrite.  An  increase  in 
sense  coil  output  can  also  be  achieved  by  increasing  the  drive  current  but  requires  that  the 
probe  be  designed  to  dissipate  the  heat  developed  by  the  higher  drive  currents. 

First  and  Second  L4iycr  Edge  Response 

The  response  magnitude  of  a  sense  coil  to  an  adjacent  edge  is  proportional  to  the 
edge-to-coil  distance.  For  an  edge  which  lies  outside  the  probe  diameter  (which  would  be 
the  typical  case)  the  sense  coil  response  magnitude  is  greatest  for  coil  5  which  is  located 
outside  the  probe  and  is  smallest  for  coil  #1  which  is  closest  to  the  probe  center.  Coils  1,  2 
and  3  have  a  300%  to  400%  smaller  second  layer  edge  response  than  coil  4  for  a  typical 
second  layer  edge  distance.  This  magnitude  of  decrease  in  edge  response  for  coils  moved 
closer  to  the  probe  center  occurs  for  thinner  (3  mm)  and  thicker  skins  (6.4  mm).  Coils  1, 
2,  and  3  have  a  1000%  smaller  response  for  a  typical  first  layer  edge  compared  to  coil  4. 
Each  coil  also  has  a  phase  response  which  is  dependent  on  the  edge  to  coil  distance.  A 
significant  decrease  in  edge  response  can  be  achieved  by  moving  the  sense  coil  in  a  radial 
direction  inward.  A  compromise  exists  between  increasing  the  sense  coil  »ze  for  better 
second  layer  CUF  detection  through  thick  skins  and  reducing  the  radial  size  of  the  sense 
coil  to  minimize  edge  sensitivity.  The  factors  in  determining  the  best  compromise  are  the 
skin  thickness,  minimum  detectable  CUF,  and  edge  distance.  These  factors  will  not  be 
constant  from  application  to  application  making  a  compromise  based  on  the  average 
values  for  these  factors  the  optimum  approach. 
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A  multiple  array  approach  using  coil  5  (coil  outside  of  core)  to  form  an  additional 
array  has  some  merit  for  edge  compensation.  Coil  S  has  a  high  sensitivity  to  acQaceitt 
edges  with  a  sharp  spatial  response  and  phase  response  dependent  on  edge  distance.  This 
outer  array  also  has  only  a  small  sensitivity  to  CUFs  and  a  very  broad  ^Mdial  response  to  a 
CUF.  A  probe  with  an  array  inside  (coil  3)  and  an  array  outside  (coil  S)  the  probe  core 
would  provide  two  responses  with  very  differoit  sensitivity  to  edge  and  CUF.  The  two 
responses  do  not  provide  separate  measurements  of  each  response  or  orthogonal  data  sets. 
They  can  be  nuide  to  be  partially  orthogonal  by  recognizing  the  spatial  and  phase  response 
differences.  Using  an  outer  array  is  a  design  alternative  (or  addition)  to  using  multiple 
drive  coils  with  a  drive  coil  around  the  outside  of  the  core. 

Off-Center  Response 

The  off-center  response  for  all  five  coils  was  essentially  a  single  period  of  a  sine 
wave  (predominately  fimdamental  fi^equency).  The  sensitivity  to  off-center  is  greatly 
effected  by  moving  the  sense  coil  in  towards  the  center  of  the  probe.  Coil  1  is  about  4 
times  more  sensitive  than  coil  4  and  is  about  twice  as  sensitive  as  coil  2.  Coil  3  is  about 
three  times  as  sensitive  as  coil  4.  Coil  3's  response  characteristics  closely  approximate  the 
average  of  coils  1  and  2.  A  higher  sensitivity  to  off-center  is  also  indicative  of  a  higher 
sensitivity  to  first  layer  CUFs.  The  phase  of  the  off-center  response  can  be  made  to  be 
very  close  to  orthogonal  to  a  second  layer  CUF  by  selecting  the  appropriate  drive 
fi’equency.  For  example,  at  400  Hz  the  off-center  response  and  the  second  layer  CUF 
response  through  6.4  mm  aluminum  are  very  close  to  being  orthogonal  in  phase  response. 
An  increase  in  off-center  sensitivity  is  not  a  desirable  effect.  However,  an  off-center 
response  is  the  most  linear,  repeatable  and  least  difiScult  effect  to  compensate  for  using  a 
combination  of  multifrequency  and  phase  discrimination  methods. 

Multiple  Sense  Coil  Arrays  and  Sense  Coil  Orientation 

Three  basic  sense  coil  orientations  were  investigated  each  oriented  to  detect  a 
polar  component  of  the  magnetic  field.  A  probe  with  four  sense  coils  was  constructed,  one 
for  each  of  the  basic  orientations  and  one  coil  placed  on  the  outer  rim  of  the  ferrite  core. 
Figure  20.  Coil  1  was  oriented  to  detect  the  radial  magnetic  field  component,  coil  2  was 
oriented  to  detect  the  tangential  magnetic  field  component  and  coil  3  detected  the  field 
normal  to  the  probe  face.  Sense  coil  4  was  located  on  the  ferrite  core  and  is  representative 
of  the  previous  LFECA  probe  designs  and  provided  a  means  of  comparing  to  prior 
LFECA  probe  results.  A  series  of  evaluations  were  performed  to  compare  the  sensitivity 
and  response  characteristics  to  CUFs,  edges,  off-center  and  etc.  A  summary  of  the  results 
of  these  evaluations  follows; 

A  sense  coil  oriented  normal  to  the  probe  face  will  have  the  greatest  output  due  to 
a  CUF.  Using  a  coil  oriented  in  another  orthogonal  direction  will  result  in  a  200%  to 
400%  lower  output.  However,  the  idea  was  that  a  differently  oriented  coil  could  have  a 
lower  sensitivity  to  adjacent  edges.  With  the  result  that  the  ratio  of  edge  to  CUF  response 
would  be  much  smaller  making  compensation  for  edges  an  easier  task. 
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For  Coil  1  (radial  magnetic  field  component),  the  CUF  sensitivity  was  reduced  fix 
CUFs  smaller  than  the  coil  size,  especially  for  thinner  skins  and  at  higher  frequencies.  The 
ratio  of  edge/CUF  and  off-center/CUF  were  not  improved  compared  to  these  same  ratios 
for  coil  3  (normal  magnetic  field  compcMient).  Also,  placing  this  coil  near  the  probe  center 
post  to  maximize  CUF  sensitivity  places  the  coil  in  the  way  of  a  protruding  &Aener  unless 
the  coil  is  recessed  which  will  reduce  its  sensitivity.  Moving  the  coil  in  a  radial  direction 
outward  away  from  the  fastener  head  also  reduces  sensitivity  to  small  CUFs.  From  a 
practical  stand  point,  it  is  also  rather  difficult  to  construct  a  probe  with  a  high  enough 
CUF  sensitivity  using  small  enough  radially  oriented  sense  coils  with  the  present  LFECA 
electronics. 

For  Coil  2  (tangential  magnetic  field  component)  the  ratios  of  (first  layer 
edge)/CUF,  (second  layer  edge)/CL^,  and  off-center/CUF  re^nse  were  not  improved 
over  these  same  ratios  for  Coil  3  (normal  magnetic  field  component).  There  wasn't  a 
significant  decrease  in  the  sensitivity  to  edges  and  there  was  a  slight  increase  in  off-center 
sensitivity.  The  spatial  response  to  CUFs  and  edges  differed  firom  those  due  to  off-center. 
Figure  21  shows  the  response  shape  typical  of  an  edge  or  CUF  and  the  response  shape 
typical  of  an  off-centered  condition.  Off-center  results  in  a  response  which  is  nearly  a 
single  period  of  a  sine  wave.  A  CUF  or  edge  response  has  a  much  higher  amount  of 
second  and  third  harmonic  content  due  to  the  response  being  at  a  null  directly  over  the 
CUF  or  adjacent  to  the  edge.  This  feature  could  be  used  to  help  remove  an  off-center 
response.  A  probe  with  a  combination  of  normal  and  tangential  oriented  sense  coils  may 
be  an  attractive  design  alternative  in  some  cases. 

2.1.2  Drive  Coil  And  Core  Shape  Optimization 

The  basic  goal  in  optimizing  the  drive  coil  and  core  shape  is  to  maximize  the  eddy 
current  distribution  at  the  fastener  hole  wall.  Ideally  this  would  be  achieved  without 
creating  eddy  currents  which  could  be  perturbed  by  adjacent  structure.  Since  this  is 
apparently  not  possible  the  design  criteria  is  one  of  compromise.  A  series  of  analytical  and 
experimental  evaluations  was  performed  to  determine  the  reasonable  design  alternatives. 
Experiments  were  performed  to  evaluate  the  effect  of  drive  coil,  sense  coil  and  core  design 
on  CUF  sensitivity  and  compensation  algorithm  development.  The  following  is  a  sununary 
of  the  results  of  these  experiments,  along  with  a  discussion  of  their  effect  on  LFECA 
probe  design  and  algorithm  development. 

Core  Shape  Optimization  -  Pot  Core  Shape 

The  previous  LFECA  probe  designs  used  a  ferrite  pot  core  as  its  rudimentary 
design  element.  The  core  dimensions  can  be  optimized  for  the  particular  application.  The 
basic  dimensions  are  the  center  post  size  and  shape  (solid  or  hollow),  outer  rim  diameter 
and  width,  and  depth  of  the  probe.  A  series  of  experiments  were  performed  in  which  a 
variety  of  cores  having  a  range  of  dimensions  were  studied  to  determine  their  efficiency 
and  field  profiles.  These  data  were  compared  with  analytic  calculations  previously 
performed  for  differing  core  shapes.  The  following  is  a  narrative  of  conclusions  which 
have  been  derived  from  this  analysis. 
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For  the  case  of  a  nonfmomagnetic  fastener,  the  center  post  diameter  is  not  a 
critical  dimension  but  should  be  approximately  the  size  of  the  fastener  Ik^.  Increasing  the 
center  post  diameter  will  move  the  eddy  current  distribution  in  a  radial  direction  away 
from  tlw  fastener  hole.  This  will  result  in  reducing  the  sensitivity  to  first  layer  CUFs  and  to 
a  lesser  degree  will  reduce  the  sensitivity  to  second  layer  CUFs. 

For  the  case  of  a  ferromagnetic  fastener  (steel),  the  choice  of  a  center  post 
becomes  a  more  critical  ftctor.  A  center  post  which  is  the  diameter  of  the  hole  will  allow  a 
large  amount  of  eddy  currents  to  be  induced  in  the  fastener  head.  The  sted  fiutener  will 
also  effectively  act  as  an  extension  to  the  ferrite  center  post  drawing  the  fields  into  the 
metallic  substructure.  The  result  will  be  a  probe  which  is  very  sensitive  to  the  fastener 
head  and  also  has  excellent  sensitivity  to  CUFs. 

To  compensate  for  the  large  response  attributable  to  a  fasterwr  head  being  oval, 
crooked  or  marked,  a  multifrequency  compensation  scheme  can  be  used.  In  the  past  this 
approach  has  not  always  worked  perfectly  due  to  the  large  difference  in  magnitudes 
between  a  typical  fastener  error  response  (20  mV)  and  a  second  layer  CUF  response  (2 
mV). 


A  solution  used  in  the  past  was  to  enlarge  the  center  post  diameter  and  place  a 
hole  down  the  center  of  the  center  post  which  was  the  diameter  of  the  fastener  head.  This 
eliminated  any  problem  with  sensitivity  to  the  fastener  head  but  also  reduced  the  sensitivity 
of  the  probe  since  it  was  not  coupled  as  well  to  the  fastener.  Sensitivity  to  near  surface 
CUFs  is  reduced  more  than  second  layer  CUF  sensitivity  since  there  is  little  current 
induced  directly  under  the  fastener  head.  Further  down  the  fastener  shank  the  induced 
current  level  is  not  as  effected  since  the  current  spreads  out  with  increa^g  depth. 

A  key  to  a  successful  design  is  to  optimize  the  center  post  shape  and  size  so  that  it 
v^U  effectively  couple  the  probe  to  the  fastener  but  generate  minimal  fields  in  the  surface 
of  the  fastener  head.  This  requires  some  compromise  between  sensitivity  to  the  fastener 
head  and  CUF  sensitivity.  The  best  compromise  appears  to  be  making  the  center  post  a 
slightly  larger  diameter  than  the  fastener  head  (typically  I  mm)  and  the  hole  down  the 
center  of  the  center  post  which  is  slightly  smaller  than  the  fastener  head.  The  portion  of 
the  center  post  which  is  smaller  than  the  fastener  head  will  need  to  be  slightly  recessed 
(typically  .25  nun)  to  allow  for  a  slightly  protruding  fastener.  This  will  result  in  a  fair 
amount  of  coupling  to  the  fastener  without  becoming  sensitive  to  the  markings  on  the 
fastener  head  wMch  can  be  difficult  to  remove  using  compensation  methods. 
Compensation  for  fastener  related  error  signals  will  be  required,  however,  the  size  and 
spatial  shape  of  the  response  will  be  within  limits  which  will  make  it  a  reasonable  exercise. 

The  core  outer  rim  can  be  thought  of  as  performing  two  functions,  it  constrains  the 
magnetic  fields  within  its  walls  therd)y  reducing  the  probes  footprint  and  it  reduces  the 
reluctance  of  the  magnetic  field  path  within  the  probe  thereby  increasing  the  efficiency  of 
the  probe.  The  choice  for  outer  rim  diameter  is  restricted  to  a  large  degree  by  practical 
limitations.  The  probe  diameter  needs  to  be  such  that  it  can  sit  flat  on  the  surface  and  also 
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have  a  reasonably  limited  sensitivity  to  adjacem  structure.  The  aircraft  design  guiddine 
generally  follow^  for  the  distance  from  the  fiistener  hole  centerline  to  an  adjaceitt 
structural  edge  is  2D  1.5  mm  (  where  D  is  the  hole  diameter).  This  forces  an  upper  limit 
for  the  outer  rim  diameter  of  approximately  4D  (where  D  is  the  hole  diameter).  Since  the 
hole  diameter  and  skin  thickn^  generally  increase  together  this  limitation  will  generally 
allow  an  adequate  diameter  drive  coil  for  the  required  penetration  depth. 

Figure  22  shows  a  sketch  of  the  drive  coil  and  fonrite  core  used  for  the 
measurements  presented  in  Figures  23  and  24.  Magnetic  field  measurements  were  taken  by 
scanning  a  single  line  perpendicular  to  and  through  the  coU  centerline  on  the  other  side  of 
an  aluminum  plate.  The  transverse  magnetic  field  direction  and  the  scan  direction  relative 
to  the  coil  are  indicated  in  the  figure. 

Figure  23  shows  the  magnitude  of  the  transverse  nruignetic  field  generated  through 
S.  I  mm  of  aluminum  at  400  Hz.  Two  curves  are  shown;  one  for  a  drive  coil  with  a  ferrite 
pot  core  and  the  same  drive  coil  without  a  fimite  core.  The  eddy  current  distribution 
induced  in  the  aluminum  will  be  the  same  shape  as  these  curves.  The  outer  rim  of  the 
ferrite  core  focuses  the  current  distribution  tbn^eby  reducing  the  sensitivity  to  adjacent 
structure.  However,  note  that  the  peak  in  the  fields  occurs  approximately  6.4  mm  from  the 
centerline  of  the  coil.  This  would  mean  that  the  peak  current  would  not  occur  at  the 
fastener  hole  wall  unless  the  hole  were  a  6.4  mm  radius.  The  best  sensitivity  to  cracks 
radiating  from  the  fastener  hole  wall  is  achieved  when  the  current  is  localized  (and 
maximized)  at  the  fastener  hole  wall.  When  using  a  pot  core  shaped  design,  localizing  the 
eddy  currents  usually  requires  reducing  the  core  size  which  also  reduces  depth 
penetration.  Figure  24  shows  an  example  of  the  effect  of  drive  frequency  on  the  field 
distribution.  This  figure  shows  the  field  generated  through  3.8  nun  of  aluminum  at  400  Hz 
and  at  10  kHz.  The  aluminum  acts  as  an  effective  shield  at  10  kHz  localizing  the  fields  to 
more  or  less  directly  under  the  drive  coil  (currents  near  the  centerline  and  in  a  radial 
direction  outward  are  reduced)  as  well  as  reducing  the  field  nuignitude.  The  400  Hz  curve 
is  very  similar  to  that  which  is  obtained  without  the  aluminum  present  (  free  space 
response). 

Figures  2S  and  26  show  examples  of  the  magnetic  fields  produced  by  ferrite  pot 
cores  with  a  31  mm  outer  diameter  and  a  18  mm  outer  diameter  using  the  same  16  mm 
outer  diameter  drive  coil.  These  two  cores  would  be  appropriate  for  inspecting  around  a 
7.9  mm  fastener  which  could  have  an  adjacent  edge  at  16  to  18  mm  from  the  hole 
centerline.  The  smaller  diameter  core  produces  field  magnitudes  which  are  greater  than  4 
times  that  of  the  larger  core.  The  fields  drop  off  more  rapidly  with  depth  (9%  Vs  12%  of 
surface  magnitude  at  7.S  mm  )  and  are  aJso  constrained  by  the  smaller  core  to  more 
directly  under  the  core.  The  smaller  core  would  be  appropriate  for  inspecting  under  6  mm 
skins  and  is  considerably  snudler  diameter  than  the  practical  limit  for  core  diameter 
determined  by  adjacent  structure.  The  selection  of  core  diameter  is  a  compromise  between 
constraining  the  fields  and  depth  penetration.  The  guidelines  for  this  compromise  have 
been  established  in  this  and  previous  studies. 


27 


NORMAL  FtELO 
ORECnON 


FIGURE  22.  FERRITE  CORE  AND  DRIVE  COIL  CONFIGURATION  FOR 

RELD  MEASUREMENTS  PRESENTED  IN  FIGURES  23  AND  24. 
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KXOMITUDE 


FIGURE  23.  MAGNETIC  FIELD  PRORLE  THROUGH  8.1  mm  OF  ALUMINUM 
FOR  A  DRIVE  COIL  WITH  AND  WITHOUT  A  FERRITE  CORE  AT 
400  Hz. 


29 


MXOMITUDE 


FIGURE  24.  MAGNETIC  RELOPRORLES  THROUGH  3.8  mm  OF 

ALUMINUM  AT  400  Hz  AND  AT  10  kHz  DRIVE  FREQUENaES. 
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FIGURE2S.  TRANSVERSE  MAGNETIC  HELOS  GENERATED  IN  AIR  BY  A  16 
mm  OUTER  DIAMETER  DRIVE  COIL  ON  A  FERRITE  POT  CORE 
WITH  A  31  mm  OUTER  DIAMETER  AT  DISTANCES  OF  0.  2.5. 
5.0,  AND  7.5  mm  FROM  THE  CORPS  FACE 


FIGURE  26.  SAME  SET-UP  AS  FIGURE  25  BUT  WITH  A  SMALLER 
DIAMETER  FERRITE  CORE  OF  18  mm. 
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Within  the  practical  limits  for  probe  height,  the  core  depth  is  chosen  based  on  the 
impedance  required  by  the  driving  circuitry.  A  depth  capable  of  allowing  the  required 
number  of  windings  of  the  appropriate  gauge  wire  (which  is  dependent  on  power 
dissipation  limitation)  is  chosen  based  on  simple  calculations. 

Alternate  Core  Shapes 

For  the  case  of  the  nonferromagnetic  fastener  an  alternate  core  shape  may  be 
attractive.  When  a  fastener  made  from  a  low  electrical  conductivity  material  such  as  a 
titanium  or  stainless  steel  is  to  be  inspected  the  fastener  hole  could  be  considered  a  low 
conductivity  hole  into  the  underlying  structure.  A  magnetic  field  could  penetrate  down 
through  this  hole  with  a  much  lower  attenuation  due  to  skin  effects.  This  would  allow  the 
use  of  much  higher  inspection  frequencies  with  a  resulting  increase  in  eddy  currents  in  the 
fastener  wall  and  a  decrease  in  eddy  currents  generated  away  from  the  hole. 

Figure  27  shows  a  sketch  of  an  elongated  c-core  probe  which  when  placed  over  a 
fastener  would  generate  a  magnetic  field  that  would  penetrate  down  the  hole.  The  c-core 
shape  also  has  a  better  penetration  capability  than  a  pot  core  shape.  Figure  28  shows  the 
field  detected  at  distances  of  0,  2.S.  5.0,  and  7.5  mm  from  the  c-core  face.  If  you  compare 
this  figure  to  Figure  26  you  will  note  the  better  depth  dependence,  at  7.5  mm  the  field 
magnitude  is  reduced  to  33%  versus  10%  of  its  magnitude  at  the  surface  (0  mm).  Figure 

29  shows  the  fields  generated  on  the  opposite  side  of  a  6.3  mm  thick  aluminum  skin 
through  a  7.9  mm  hole  when  the  elongated  c-core  is  used  at  10  kHz.  The  radial  spread  of 
the  fields  is  reduced  by  increasing  the  inspection  frequency  and  still  penetrates  through  the 
hole.  Since  the  current  generated  by  this  shape  of  core  will  not  evenly  encircle  the  hole  as 
does  a  pot  core  shape,  either  the  core  will  need  to  be  rotated  or  a  multiple  drive 
configuration  will  be  required  to  achieve  equal  sensitivity  around  the  hole.  Several 
possible  design  configurations  have  been  devised  which  would  solve  this  problem.  Figure 

30  shows  the  fields  transmitted  through  a  6.3  mm  aluminum  skin  with  a  2.5  mm  slot  or  a 
5.0  mm  slot  radiating  from  a  7.9  mm  hole  at  a  10  kHz  inspection  frequency.  Notice  that 
the  fields  over  the  hole  are  disturbed  by  the  slot,  indicating  that  these  fields  will  be  radiated 
up  the  hole  (through  a  low  attenuation  path)  where  they  could  be  detected  using  a  sense 
coil  array  located  in  close  proximity  to  the  hole.  The  sense  coil  array  could  be  made  to 
encircle  the  hole,  could  be  in  a  linear  arrangement,  or  could  be  made  up  of  single  or  dual 
elements  which  rotate  with  the  core. 

Drive  Coil  Optimization 

The  effect  of  drive  coil  shape  and  placement  within  the  probe  core  was 
investigated  to  determine  the  optimum  drive  coil  shape  for  field  generation  and  to 
determine  the  viability  of  a  multiple  drive  coil  design  approach. 

The  interaction  of  ferrite  core  and  drive  coil  windings  was  demonstrated  by 
investigating  a  number  of  cases  representative  of  possible  LFECA  probe  designs.  An 
example  which  will  be  representative  of  these  experiments  is  one  in  which  the  fields 
generated  by  two  extremes  in  drive  coil  shape  in  a  ferrite  pot  core  were  studied.  One  coil 
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AMPLITUDE 


FIGURE  27.  ELONGATED  C-CORE  PROBE  OVER  A  FASTENER  HOLE. 


FIGURE  28.  TRANSVERSE  MAGNETIC  RELD  GENERATED  IN  AIR  BY 

ELONGATED  C-CORE  PROBE  AT  DISTANCES  OF  0,  2.5,  5.0 
AND  7.5  mm  FROM  THE  CORE  FACE. 
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FIGURE  29.  TRANWffiRSe  MAGNETIC  FIELD  TRANSIlirraTOI^H 

6.3  mm  OF  ALUMINUM  SKIN  MOTH  A  7.9  mm  HOLE  AT  10  kHz 
USING  THE  ELONGATED  C-CORE  PROBE. 


FIGURE  30.  TRANSVERSE  MAGNETIC  RELD  TRANSMITTED  THROUGH 
6.3  mm  OF  ALUMINUM  SKIN  WITH  A  7.9  mm  HOLE  AND  A  2.5 
mm  SLOT  OR  5.0  mm  SLOT  AT  10  kHz  USING  THE 
ELONGATED  C-CORE  PROBE. 
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had  a  large  outer  diameter  (25  mm)  which  just  touched  the  inside  rim  of  the  pot  core,  an 
inner  diameter  of  21  mm  and  a  2  mm  height.  This  coil  was  representative  of  that  portion  of 
a  drive  coil  windings  which  are  near  the  rim  of  the  core.  The  other  coil  had  a  smaller  outer 
diameter  (IS  mm),  an  inner  diameter  (1 1  mm)  which  just  touches  the  pot  core  ceider  post 
and  a  2  mm  height.  This  coil  was  representative  of  that  portion  of  a  drive  coil  wimtings 
which  are  near  the  center  post.  The  fidds  genonUed  by  each  of  these  coils  were  measured 
when  they  were  at  a  position  flush  with  the  core  sur&ce  and  at  positions  of  increasing 
recession  into  the  core.  These  measurements;  when  taken  as  a  whole;  demonstrate  the 
effect  of  coil  shape  and  placement  within  the  core. 

The  field  magnitudes  generated  by  the  large  diameter  coil  were  much  greater  than 
that  of  the  smaller  diameter  coil  (in  proportion  to  the  square  of  the  diameter  or  coil  area) 
as  would  be  anticipated. 

As  a  practical  consideration,  the  drive  coil  needs  to  be  slightly  recessed  (0.2  mm) 
in  order  to  protect  it  from  physical  harm.  However,  in  order  to  place  sense  elements 
nearer  the  probe  center  the  drive  coil(s)  will  need  to  be  recessed  up  into  the  probe  core  a 
much  larger  distance  (approximately  3  mm)  to  make  room.  A  series  of  experiments  were 
performed  to  determine  if  this  would  cause  a  significant  reduction  or  alteration  of 
sensitivity.  Figure  31  shows  the  effect  on  the  ma^etic  field  distributions  due  to  recessing 
the  small  drive  coil  from  a  position  which  is  flush  with  the  core  fiu:e  to  recessed  by  5  mm 
into  the  core.  The  magnetic  field  magnitude  is  only  slightly  reduced  (8%)  by  recessing  the 
drive  coil.  Recessing  the  drive  coil  also  reduces  the  effect  of  the  drive  coil  size  on  the  field 
distribution.  Recessing  the  drive  coil  makes  the  core  shape  the  predominate  factor  in 
determining  the  field  distribution.  Notice  on  Figure  31  how  when  the  drive  coil  is  recessed 
the  field  magnitude  nearer  the  outer  rim  of  the  core  increased.  This  is  due  to  the  core 
acting  as  more  of  the  field  source  without  any  direct  field  leakage  from  the  drive  coil.  The 
general  conclusion  fi'om  this  study  is  that  we  can  fabricate  probes  with  the  sense  coils 
placed  under  the  drive  coils  without  a  loss  of  field  penetration  or  sensitivity. 

Another  conclusion  to  be  drawn  from  this  study  is  that  the  most  efficient  drive  coil 
shape  is  one  which  fully  fills  the  core.  This  conclusion  can  be  drawn  Arom  the  fact  that 
recessing  the  drive  coil  did  not  significantly  reduce  the  fields  generated,  making  the 
recessed  portion  of  the  coil  as  efficient  as  the  flush  portion.  Previously,  the  probe  for  non¬ 
ferromagnetic  fasteners  was  found  to  require  a  drive  coil  which  fully  fills  the  core. 
However,  the  optimum  drive  coil  shape  for  probes  for  ferromagnetic  fasteners  was  found 
to  be  a  low  profile  drive  coil  located  close  to  the  core  face.  This  discrepancy  can  be 
attributed  to  a  combination  of  the  sense  coil  placement  and  probe  calibration  which  will 
not  be  used  in  future  designs. 

Additionally,  since  the  ferrite  core  reduces  the  generated  field  dependence  on  coil 
placement  within  the  core,  it  appears  that  any  design  using  multiple  drives  for  adjacent 
structure  compensation  will  require  the  drives  to  be  on  opposite  sides  of  a  core  wall. 
Concentric  drive  coils  such  as  those  used  in  this  study,  when  placed  between  the  same 
core  walls,  tend  to  have  very  similar  field  profiles  at  a  typical  second  layer  depth  or  at  low 
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FIGURE  31.  TRANSVERSE  MAGNETIC  FIELDS  GENERATED  IN  AIR  AT 
DISTANCES  OF  0.  2.5.  5.0,  AND  7.5  mm  FROM  THE  PROBE 
FACE  WITH  THE  DRIVE  COIL  FLUSH  WITH  THE  CORE  FACE 
OR  RECESSED  5.0  mm  INTO  THE  CORE 


FIGURE  32.  TRANSVERSE  MAGNETIC  FIELDS  TRANSMITTED  THROUGH  A 
6.3  mm  ALUMINUM  SKIN  WITH  A  7.9  mm  TITANIUM  FASTENER 
INSTALLED  FOR  A  CENTERED  AND  OFFSET  PROBE. 
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frequency.  The  near  surfiice  and  high  frequency  fidd  profrles  will  show  some  (fiffisrenoea 
if  the  drive  coil  is  of  small  height.  A  multiple  drive  concept  usiqg  a  small  height  drive 
could  be  used  at  high  frequoicy  for  off-center  and  lift-off  s^r^ation. 

Multipio  Oriv«  Coils 

To  evaluate  the  use  of  multiple  drive  coils,  a  drive  coil  was  (daced  around  the 
outside  of  the  core  on  the  probes  stown  in  Figures  19  and  20.  A  series  of  evaluations 
were  made  to  determine  the  characteristics  and  sensitivity  to  edges,  CUFs  and  off-center. 
The  intent  of  these  evaluations  was  to  conqMre  the  effecdvity  of  a  multiide  array  versus  a 
multiple  drive  or  a  combination  of  both  concq)ts. 

As  already  discussed,  an  array  located  outside  of  the  core  (  such  as  coil  5  of  Figure 
19)  can  be  used  to  measure  edge  responses  with  only  a  smaU  sensitivity  to  CUFs.  A  drive 
coil  located  around  the  outside  of  the  core  can  also  be  used  to  accomi^sh  the  same  result. 
Both  approaches  appear  to  be  workable  in  a  compensation  routine.  Using  an  outer  drive 
coil  is  simpler  and  less  expensive  to  construct.  However,  it  appears  that  it  may  be  easier  to 
model  the  response  of  an  outer  array.  With  the  addition  of  an  outer  array  you  measure  the 
radial  distribution  of  the  perturbed  fields.  With  an  outer  drive  coU  you  measure  the  effect 
of  radially  displacing  the  drive  currents.  Each  of  the  drive  coils  (inner  &  outer)  will  have  a 
different  depth  dependence  due  to  geometry  and  this  effect  needs  to  be  incorporated  in  a 
compensation  routine.  Using  an  outer  array  and  outer  drive  would  provide  significant 
information  for  compensation  but  may  not  be  the  simplest  solution. 

2.1.3  Probe  Design  Summary 

An  experimental  database  is  now  established  to  validate  potential  LFECA  probe 
designs.  The  interaction  of  drive  coil,  sense  coils  and  core  as  it  pertains  to  detecting  CUFs 
has  been  studied  to  the  level  required  to  design  and  constiua  optimum  LFECA  probes. 
They  will  incorporate  design  features  which  improve  CUF  sensitivity  and  reduce 
sensitivity  to  error  signals.  The  greatest  improv«nent  in  probe  performance  will  be  for  the 
detection  of  CUFs  through  thick  skinned  or  multilayered  structures.  Linear  LFECA  probe 
geometries  were  also  shown  to  be  strong  candidates  for  crack  detection. 

2.2  Probe  Motion  -  Offset 

One  of  the  possible  methods  proposed  to  improve  CUF  sensitivity  and  adjacent 
structure  compensation  was  the  use  of  probe  offsetting.  The  general  philosophy  for  this 
approach  was  to  offset  the  probe  from  a  centered  porition  so  that  the  peak  in  the  eddy 
current  distribution  around  the  hole  could  be  brought  closer  to  the  fastener  hole  wall.  This 
would  increase  the  current  disrupted  by  a  CUF  and  decrease  the  current  dinupted  by  an 
adjacent  structure.  A  larger  diameter  drive  coil  could  also  be  used  for  greater  penetration 
as  well.  This  approach  would  require  the  probe  to  be  moved  in  order  to  inspect  completely 
around  the  hole.  However,  it  was  considered  a  way  to  significantly  improve  CUF 
sensitivity. 
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Probe  Offeet  -  Nonferromagnetic  Fasteners 

Several  expoiments  were  performed  to  test  the  validity  of  probe  ofiEMtting  and  as 
an  introduction  to  the  effect  of  probe  motion  as  an  in^)ection  parameter.  Figure  32  shows 
the  magnetic  fields  transmitted  through  a  6.3  mm  aluminum  skin  for  the  case  of  a  probe 
which  is  centered  over  the  hole  and  one  which  is  ofi^  by  5  mm.  This  sldn  had  a  7.9  mm 
titanium  fiistener  installed  in  the  hole.  The  fields  are  shown  to  directly  translate  with  the 
probe  movement.  Although  not  shown  in  this  figure,  there  is  a  large  difference  in  the  phase 
of  the  fields  which  are  transmitted  through  the  hole  for  the  centered  and  oflfeet  cases.  For 
this  probe  and  thickness,  offsetting  the  probe  results  in  an  approximate  50%  increase  in 
field  magnitude  within  a  region  from  the  hole  to  2.S  mm  fi'om  the  hole.  This  could  be 
improved  by  using  a  larger  coil.  Also  note  that  the  field  away  fi'om  the  hole  would  be 
reduced,  resulting  in  a  reduced  sensitivity  to  adjacent  structure.  At  a  distance  of  16  mm 
fi-om  the  hole  centerline,  which  would  be  a  typical  location  for  a  structural  edge  to  occur, 
the  fields  have  dropped  by  approximately  50%  as  well.  This  is  only  true  for  one  side  of 
the  hole  and  would  require  the  probe  to  be  moved  in  order  to  sensitively  inspect  the  entire 
circumference  of  the  hole.  The  advantage  of  this  method  is  greater  at  shallower  depths  and 
high  frequencies.  This  method  could  be  incorporated  into  the  probe  design  and  used  for 
each  hole  to  be  inspected  or  could  be  used  as  an  additional  inspection  procedure  to  verify 
and  help  to  determine  the  size  of  CUFs. 

Probe  Offset  •  Ferromagnetic  Fastener 

Offsetting  the  probe  with  a  steel  ferromagnetic  fastener  installed  results  in  a 
considerably  different  result.  Figure  33  shows  the  magnetic  fields  transmitted  through  a 
6.3  mm  aluminum  skin  with  a  7.9  mm  steel  fastener  installed.  Two  cases  are  shown  one  in 
which  the  probe  is  centered  over  the  hole  and  one  in  which  the  probe  has  been  offset. 
There  is  only  a  small  (15%)  increase  in  the  fields  near  the  fastener  and  a  slight  decrease  in 
the  fields  which  would  interact  with  adjacent  structure.  This  is  to  small  of  an  advantage  to 
make  an  offset  approach  attraaive. 

The  steel  fastener  acts  as  an  effective  extension  of  the  probes  center  post  and 
dominates  the  determination  of  the  fields  near  the  fastener.  If  a  coil  with  a  large  irmer  and 
outer  diameter  is  used  then  an  advantageous  offset  effect  can  be  observed.  Figure  34 
shows  a  scan  of  the  magnetic  fields  through  a  6.3  mm  aluminum  skin  with  a  7.9  mm  steel 
fastener  installed  for  a  large  probe  which  is  centered  and  offset.  An  increase  of  30%  in 
field  magnitude  near  the  fastener  is  shown  for  the  offset  case.  The  limiting  factor  for  this 
approach  on  steel  fasteners  is  going  to  be  a  trade-off  between  an  improved  CUF  sensitivity 
and  increased  fastener  related  error  signals.  This  method  could  be  implemented  using 
probes  designed  to  normally  be  used  on  larger  steel  fasteners. 
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FIGURE  33.  TRANSVERSE  MAGNETIC  FIELDS  TRANSMITTED  THROUGH  A 
3.3  mm  ALUMINUM  SKIN  WITH  A  7.9  mm  FERROMAGNETIC 
FASTENER  INSTALLED  FOR  A  CENTERED  AND  OFFSET 
PROBE. 


FIGURE  34.  SAME  SET-UP  AS  FIGURE  33  BUT  WITH  A  LARGER  DIAMETER 
PROBE  FOR  A  CENTERED  AND  OFFSET  CONDITION. 
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SECTION  3 


TASK  i  •  ALGORITHM  DEVELOPMENT 

The  purpose  of  this  task  was  to  devdop  the  algonthott  required  to  remove  or 
isolate  interfering  prd)e  responses  fiom  CUF  rdated  re^XMises.  The  overall  objective 
being  to  realize  an  inspection  which  is  simple  to  interpret  and  sensitive  to  CUFs.  Tte  task 
was  mainly  a  software  devdopment  ^ort  in  w^h  compensation  algorithms  were 
devised,  implemented  and  refin^.  The  foundation  for  developing  these  algorithms  was 
derived  from  the  experimental  evaluations  from  Task  I.  The  algorithms  that  were 
developed  use  the  unique  features  of  the  LFECA  probe  design,  such  as  multiple  drive  coils 
and  sense  coil  arrays,  in  combination  with  a  muhiparameter  analysis  ntethod. 

For  the  general  case,  the  response  generated  by  a  LFECA  probe  when  placed  on  a 
itener  hole  is  not  limited  to  just  CUFs.  The  total  response  will  be  the  result  of  several 
ctors  in  combination.  Adjacoit  structure,  probe  placement,  etc.,  will  result  in  responses 
which  interfere  with  interpreting  whether  or  not  a  CUF  is  present.  To  a  good 
approximation  the  total  response  can  be  thou^t  of  as  being  formed  from  a  linear 
superposition  of  each  effect.  The  following  simple  equation  would  be  a  nuthematical 
representation  of  this  statement; 

(1)  Probe  Response  =*  CUF  +  Off-center  +  Structure  +  Lift-off  +  Fastener 

Each  of  these  responses  has  a  secondary  effect  on  the  other  re^nses  but  this  is 
usually  a  small  effect  which  can  be  ignored.  The  most  straightforward  approach  for 
discussing  the  compensation  algorithms  developed  in  this  task  is  to  discuss  the  approach 
taken  for  each  of  the  individual  effects.  The  following  is  a  discus«on  for  each  of  the  major 
factors  effecting  the  probe  response. 

3.1  Off-Center  Response  Compensation 

The  first  thing  that  should  be  understood  before  discussing  any  response  of  a 
LFECA  probe  is  that  it  is  a  relative  response.  The  response  observed  on  the  LFECA 
system  display  is  the  result  of  a  difference  from  a  reference  response.  The  reference 
response  may  be  derived  from  many  different  sources  but  for  the  simplest  case  would 
derived  from  a  known  good  fastener  hole  which  is  same  as  the  unknown  hole.  Meaning 
the  reference  hole  is  surrounded  by  the  same  structure,  is  the  same  ftistener  material ,  etc. 
The  reference  hole  may  be  derived  from  a  standard  or  from  a  good  hole  on  the  inspected 
area.  In  any  case,  the  response  observed  on  the  LFECA  display  is  the  resuh  of  a  difference 
between  the  hole  being  inspected  and  the  reference  hole  as  shown  in  the  following 
equation; 

(2)  Probe  Response  =  Inspected  Hole  -  Reference  Hole 
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When  a  probe  is  placed  on  a  hole  which  is  the  same  as  the  reference  hole  the 
response  will  be  a  flat  line  (zero)  re^nse  if  the  probe  is  placed  centered  over  the  hole.  A 
prc^  which  is  placed  off-center  on  the  hole  will  resuh  in  a  re^xxise.  An  off-center 
re^nse  has  a  characteristic  spectral  content,  phase,  and  frequency  dependence  which  can 
be  used  to  identify  it  and  remove  it  from  the  total  response.  Figtire  3S  shows  a  typical  off- 
center  response,  the  horizontal  tick  nurks  in  the  display  indicate  sense  coil  (I  to  16)  and 
the  vertical  tick  nurks  indicate  response  magnitude.  The  solid  line  is  the  real  part  (portion 
in-phase  with  the  probe  drive  signal)  and  the  dashed  line  is  the  imaginary  part  (portion  90 
degrees  out  of  ph^  with  the  probe's  drive  signal)  of  the  comi^ex  response.  The  left  side 
display  shows  the  response  at  9.8  kHz  drive  frequency  and  the  right  side  display  shows  the 
response  at  1 .2  kHz.  Both  displays  are  with  the  inner  drive  coil  driven  (Figure  22  shows  a 
sketch  of  the  inner  drive  coil  location).  The  response  spatial  spectra  is  primarily 
fli^'damental  frequency  (  looks  like  a  single  cycle  of  a  sine  wave)  with  typically  10%  of 
second  harmonic  content.  An  off-center  response  can  be  accurately  represented  by  using 
only  the  fundamental  and  second  harmonic  frequencies.  The  response  magnitude  is  linearly 
proportional  to  the  off-center  distance  and  the  spatial  phase  (position  of  sine  wave  along 
the  horizontal  axis)  indicates  off-center  direction.  Off-center  also  has  a  very  consistent 
phase  response  (ratio  of  real  /imaginary  parts  )  which  is  maintained  over  a  wide  range  of 
off-center  magnitude.  There  is  also  a  linear  scaling  of  the  response  with  the  inspection 
frequency. 

At  high  frequencies  (S  kHz  and  up)  the  probe  response,  when  using  the  inner  drive 
coil,  will  be  limited  to  changes  in  the  fastener  hole  and  near  surface.  Adjacent  structure 
will  not  be  present  in  the  response  since  the  eddy  currents  generated  by  the  probe  will  be 
limited  to  directly  under  the  probe  due  to  shielding  by  the  aluminum  skin.  The  probe's 
response  will  be  sensitive  to  lift-off,  off-center,  first  layer  CUFs,  and  irregularities  in  the 
fastener/fastener  hole.  The  following  equation  rimply  states  the  probe  response  at  high 
frequency  when  using  the  inner  drive  coil; 

(3)  Probe  Response  =  Lift-off  +  Off-center  +  Fastener  Hole  +  1st  Layer  CUF 

Lift-off  has  a  different  phase  response  than  off-center  with  the  two  responses  being 
separated  by  3  S  to  SO  degrees,  the  exact  angle  depends  on  the  particular  probe.  If  you 
were  to  observe  the  responses  on  an  impedance  plane  type  display  (complex  plane)  typical 
of  eddy  current  instruments  then  off-center  would  be  along  the  real  (horizontal)  axis  and 
lift-off  would  be  at  a  35  to  50  degree  angle  with  the  real  axis.  Irregularities  in  the 
fastener/fastener  hole  such  as  oval  countersinks  and  crooked  holes  will  fall  on  the  same 
phase  angle  as  the  off  center  response.  The  phase  of  a  first  layer  CUF  will  depend  on  its 
depth  into  the  aluminum  skin. 

The  first  step  in  compensating  for  off-center  is  to  split  the  probe  response  into  a 
lift-off  and  an  off-center  response.  A  simple  trigonometric  relationship  can  be  used  to 
separate  the  two  responses  by  defining  a  lift-off  phase  and  an  off-center  phase.  The 
resulting  off-center  response  is  then  analyzed  using  the  known  spectral  characteristics  of 
off-center  to  determine  the  magnitude  of  off-center  present.  The  analysis  also  determines  if 
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FIGURE  35.  TYPICAL  OFF-CENTER  RESPONSE. 
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a  first  layer  CUF  is  present  and  accounts  for  its  presence  when  calculating  the  magnitude 
of  off-center.  A  first  layer  CUF  is  distinguished  by  its  sharp  localized  response  (high 
harmonic  content).  The  routine  is  also  dengned  to  detect  the  presence  of  i^tiple  first 
layer  CUFs.  The  resulting  determination  of  off-center  magnitude  is  then  used  to  remove 
the  off-center  response  fi’om  the  high  fi’equency  response  and  to  display  an  icon  indicating 
off-center  direction  and  magnitude.  AH  of  this  occurs  in  real  time  so  that  the  di^lay 
shown  during  inspection  has  the  off-center  response  removed. 

To  in^)ect  into  the  second  layer  of  a  structure  the  high  fi-equency  drive  signal  is 
followed  by  a  low  fi^equency  drive  signal.  This  low  fi-equency  will  reach  down  into  the 
substructure  to  detect  second  layer  CUFs.  The  off-center  magnitude  determined  by  the 
high  frequency  measurement  is  appropriately  scaled  and  used  to  remove  the  off-c«iter 
response  fi’om  the  low  frequency  measurement. 

The  accurate  compensation  for  off-center  u»ng  the  above  described  scheme 
requires  the  accurate  knowledge  of  the  phase,  spectra  arul  frequency  scaling  of  the  off- 
center  response.  The  phase  is  a  very  stable  and  consistent  parameter  which  is  simple  to 
determine.  The  spectra  and  frequency  scaling  are  more  dependent  on  the  application. 

The  spectra  of  the  off-center  response  can  be  accurately  approximated  by  using 
just  the  fundamental  and  second  harmonic  fi^equencies.  The  ratio  of  these  harmonics  is 
typically  10%,  however,  this  ratio  is  not  constant  with  off-center  magnitude.  In  the  range 
of  normal  off-center  distances,  the  greater  the  off-center  the  smaller  the  percentage  of 
second  harmonic.  If  a  single  estimate  for  the  ratio  of  second  harmonic  to  fundamental 
frequency  is  used  an  error  will  result  for  certain  ranges  of  off-center.  To  resolve  this  a 
non-linear  relationship  is  estimated  based  on  calibration  data  built  into  the  system  or  an 
estimate  can  be  made  based  on  measurements  at  two  off-center  distances  taken  during  the 
set-up  procedure  prior  to  an  inspection. 

The  spectra  of  the  off-center  response  is  also  dependent  on  the  fastener  hole  size. 

A  smaller  hole  results  in  a  greater  percentage  of  second  harmonic.  This  ratio  can  be 
determined  during  set-up  procedure  or  recalled  from  a  set-up  saved  in  a  prior  inspection. 
The  scaling  of  the  off-center  response  from  high  to  low  frequency  is  a  stable  parameter  but 
needs  to  be  determined  as  part  of  the  set-up  procedure  or  recalled  from  a  prior  set-up. 

All  of  the  above  commentary  on  the  requirement  for  determining  frequency  scaling 
and  spectra  scaling  factors  is  to  point  out  what  is  required  for  the  routines  to  operate  at 
their  optimum.  The  error  signals  resulting  fi-om  poor  estimates  for  these  scaling  factors  are 
easy  to  identify.  They  should  not  result  in  false  calls  but  would  more  likely  tend  to  mask 
small  CUFs. 

3.2  Lift-Off  Response  Compensation 

Lift-off  can  be  divided  into  two  portions;  straight  lift-off  and  tilt;  which  are 
handled  in  different  ways.  Straight  lift-off,  due  to  variations  in  paint  thickness  for  example, 
results  in  a  dc  shift  of  the  probe  response.  Small  amounts  of  straight  lift-off  typical  of 
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paint  thickmss  variations  can  be  ignored.  Since  each  sense  coil  has  a  slightly  different 
coupling  coefficient  to  the  inspection  area,  each  sense  coil  output  is  normalized  to  have 
the  same  output.  The  normalization  factors  are  lift-off  dependent  so  that  large  straight  lift¬ 
off  variations  would  require  the  probe  to  be  renormalized  to  reduce  noise  due  to 
inaccurate  normalization.  A  different  method  for  normalizing  the  probe  output  has  been 
developed  to  compensate  for  large  straight  lift-off  which  basically  adjusts  the  probe 
normalization  based  on  the  dc  value  of  the  probe  response  but  has  not  been  implemented 
to  date.  Typically  straight  lift-off  has  not  been  a  concern. 

Tilted  lift-off  is  due  to  the  probe  being  held  at  an  angle  with  the  aircraft  skin's 
surface  or  the  surface  being  not  flat.  The  response  ^pe  for  a  tilt  is  very  similar  to  an  off- 
center  response.  Compensation  for  tilted  lift-off  is  closely  related  to  the  off-center 
compensation.  The  high  frequency  response  (using  the  inner  drive  coil  )  is  split  into  the 
lift-off  and  off-center  phase  responses  during  the  off-center  compensation  routine.  After 
recognizing  and  removing  that  portion  of  the  lift-off  response  which  is  due  to  a  first  layer 
CUF,  the  lift-off  response  is  appropriately  scaled  to  remove  lift-off  from  the  low 
frequency  response.  Both  off-center  and  lift-off  responses  are  greater  at  high  fi-equency 
than  at  tow  frequency  so  that  any  errors  in  the  compensation  routine  are  reduced  when 
they  are  scaled  down  to  the  lower  frequencies.  Also,  lift-off  is  generally  a  small  effect  at 
low  frequency. 

Currently  a  small  hand  held  template  is  used  to  guide  the  probe  to  a  centered 
condition  over  the  fastener  hole.  The  guide  sits  fiat  on  the  surface  of  the  aircraft  and  will 
tilt  if  used  on  a  curved  surface.  A  simple  modification  of  this  template  so  that  it  can  adjust 
to  a  curve  surface  has  been  devised.  This  would  eliminate  any  tilted  lift-off  when 
inspecting  curved  surfaces  which  are  the  main  cause  for  tilted  lift-off. 

Additionally,  several  simple  design  modifications  have  been  devised  which  include 
special  drive  coils  which  would  have  sensitivity  to  only  lift-off  and  no  other  effect.  This 
would  enable  a  totally  independent  measurement  of  lift-off  for  use  in  compensation.  To 
date  this  does  not  appear  to  be  necessary  but  remains  an  option. 

3.3  Fastener  Response  Compensation 

Within  the  category  of  fastener  response  we  have  grouped  the  responses  due  to  the 
fastener  hole  as  well  as  the  fastener.  Oval,  crooked  holes,  and  any  feature  which  is  not 
circularly  symmetric  will  result  in  a  response.  Features  due  to  the  fastener  hole  will  appear 
oriented  in  the  same  phase  as  an  off-center  response.  They  will  appear  as  apparent  noise 
after  the  off-center  compensation  routine  has  been  performed.  They  will  have  the  phase  of 
a  first  layer  near  surface  effect  and  generally  are  largely  composed  of  second  harmonic  (for 
oval  holes).  They  would  tend  to  look  like  an  error  in  the  off-center  compensation  routine. 
Generally,  they  would  not  be  mistaken  for  a  first  layer  CUF  but  would  tend  to  mask  small 
first  layer  CUFs  (<0.5  mm)  from  clear  identification. 

Responses  due  to  the  fastener  are  very  small  and  can  be  ignored  for  titanium  and 
non-ferromagnetic  stainless  steel  fasteners.  Due  to  their  low  electrical  conductivity  very 
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little  current  is  generated  in  these  &stener  materials  relative  to  the  surrounding  aluminum, 
so  they  have  very  little  effect  on  any  measurements.  Aluminum  listeners  which  are 
protruding  or  crooked  result  in  a  response  whkh  has  the  same  phase  characteristics  as  a 
liit-off  response.  The  routine  used  for  lift-off  compensation  will  handle  any  errors  due  to 
an  aluminum  fastener,  no  special  compensation  routine  is  required.  The  ^}ecial  drive  coil 
designs  referred  to  earlier  which  provide  a  separate  measurement  of  lift-off  would  be 
useful  for  the  case  of  segregating  lift-off  from  fastener  errors.  However,  this  would 
generally  not  be  of  interest. 

For  the  case  of  a  ferromagnetic  steel  fastener,  the  fastener  response  has  the  same 
phase  as  a  lift-off  response.  However,  the  magnitude  of  this  response  can  become 
unmanageable  when  you  use  the  standard  LFECA  probe  design.  When  a  modiGed  LFECA 
probe  design  is  used  which  limits  the  amount  of  eddy  currents  to  be  generated  in  the 
fastener  head,  fastener  errors  are  reduced  to  a  magnitude  which  can  be  handled  by  the  lift¬ 
off  compensation  routine. 

3.4  Structure  Response  Compensation 

Within  the  category  of  structure  response  resides  a  broad  range  of  features  which 
will  cause  a  response  in  the  LFECA  probe.  The  general  categories  for  those  features  that 
were  considered  are  thickness  variations,  hrst  layer  edges  aiul  second  layer  edges.  An  edge 
being  any  seam,  splice  or  overlap  that  causes  a  discontinuity  in  the  metallic  structure  near 
a  fastener  hole. 

The  simplest  solution  (at  least  partial  solution)  is  to  use  a  reference  hole  which  has 
similar  structural  geometry.  The  reference  hole  can  be  derived  from  a  standard,  adjacent 
hole  in  the  inspection  area,  or  from  a  hole  from  a  previously  stored  inspection.  When  a 
reference  hole  is  used  in  this  manner  any  displayed  result  will  be  due  to  a  difference 
between  the  inspected  hole  and  the  reference  hole.  A  response  due  to  structural 
differences  between  holes  is  normally  considerably  less  than  the  structural  response.  If  the 
variation  in  structure  is  small  no  further  compensation  for  structure  need  to  be  applied. 
However,  this  is  generally  not  the  case  and  further  compensation  is  required. 

A  variety  of  compensation  approaches  were  investigated  with  most  depending  on 
some  new  design  feature  of  the  probe.  For  example  the  use  of  multiple  concentric  sense 
coil  arrays  was  evaluated.  The  general  conclusion  from  these  evaluations  was  that  the  use 
of  a  multiple  drive  coil  scheme  was  the  most  straight  forward  approach. 

In  a  multiple  drive  coil  scheme,  both  an  inner  and  an  outer  drive  coil  are  present  on 
the  probe.  The  inner  drive  coil  ( located  on  the  probe  center  post)  will  generate  a  current 
distribution  which  will  be  sensitive  to  the  fastener  hole  and  CUFs  but  will  also  have  some 
sensitivity  to  adjacent  structure.  The  outer  drive  (located  around  the  outside  of  the  core) 
will  generate  a  donut  shaped  current  distribution  which  will  be  sensitive  to  the  surrounding 
structure  but  will  not  be  sensitive  to  the  fastener  hole  or  CUFs.  The  response  with  the 
outer  drive  coil  energized  is  measured  by  the  sense  coil  array  as  a  measure  of  the  adjacent 
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structure.  For  example,  the  full  inspection  would  require  the  following  re^)onses  to  be 
measured: 

1)  High  Frequency  Response  (10  kHz)  -  Inner  Drive  Coil  Energized 

2)  Inspection  Frequency  Response  (1  kHz)  -  Inner  Drive  Coil  Energized 

3)  Inspection  Frequency  Response  ( I  kHz)  -  Oiter  I>ive  Coil  En^gized 

Optional  Step; 

4)  High  Frequency  Response  (10  kHz)  -  Outer  Drive  Coil  Energized 

In  step  (1)  the  response  that  is  used  to  remove  lift-off,  off-center  and  detect  first 
layer  CUFs  is  measured.  In  step  (2)  the  response  which  will  reach  into  the  undalying 
substructure  to  detect  second  layer  CUFs  is  measured.  In  step  (3)  the  response  used  to 
remove  adjacent  structure  response  from  the  step  (2)  response  is  measured.  Step  (4)  is  an 
optional  step  that  would  be  used  to  help  identify  the  first  and  second  layer  edge  responses. 

The  response  measured  when  the  outer  drive  coil  is  energized  (step  3)  will  not 
require  off-center  compensation  since  there  will  be  no  sensitivity  to  off-center.  However, 
lift-off  is  removed  by  appropriately  scaling  the  lift-off  response  that  was  determined  using 
the  high  frequency  inner  drive  response  (step  I).  This  is  just  a  simple  extension  of  the  lift¬ 
off  compensation  routine  to  the  outer  drive  coil  response. 

For  simplicity,  for  the  remainder  of  this  discussion  the  response  measured  by  the 
sense  coil  array  when  the  inner  drive  coil  is  energized  will  be  referred  to  as  the  "inner 
drive"  response  and  the  response  measured  by  the  sense  coil  array  when  the  outer  drive 
coil  is  energized  will  be  referred  to  as  the  "outer  drive"  response. 

After  the  lift-off  and  off-center  compensation  routines  have  been  applied  the  inner 
drive  response  will  contain  structure  and  CUF  responses  and  the  outer  drive  response  will 
contain  only  structure  responses.  The  outer  drive  response  is  "appropriately  scaled"  and 
used  to  remove  the  structure  response  from  the  inner  drive  response.  The  inner  drive 
response  will  then  contain  only  CUF  related  responses.  All  other  non-relevant  responses 
will  be  removed. 

The  statement  "appropriately  scaled"  made  in  the  preceding  paragraph  is  an 
oversimplification  of  the  process  required  to  remove  structure  response.  There  are  several 
factors  that  must  be  considered  in  order  to  properly  scale  the  outer  drive  response.  The 
primary  difficulty  in  scaling  the  inner  and  outer  drive  responses  comes  from  the  fact  that 
the  magnetic  fields  generated  by  the  two  coils  have  very  different  profiles.  Their  depth  and 
radial  dependence  are  different  which  is  basically  due  to  the  difference  in  their  diameters. 
This  means  that  the  scaling  will  be  dependent  on  depth  and  radial  location  of  an  edge. 
These  differences  can  be  reduced  by  the  proper  selection  of  the  drive  coil  geometry. 

To  overcome  the  depth  dependence  difference  the  outer  drive  response  is  split  into 
a  first  and  second  layer  edge  responses.  This  is  requires  since  the  scaling  will  be  different 
for  the  two  portions  of  the  response.  This  is  a  fairly  straight  forward  process  which  is 
based  on  the  difference  in  phase  between  a  first  and  second  layer  edge.  The  difference  in 
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scaling  with  radial  distance  requires  a  non-linear  relationship  between  response  magnitude 
and  scaling  be  used.  For  a  good  number  of  application  a  linear  approximation  will  be 
sufficient. 

To  aid  in  the  structure  compensation,  an  additional  re^nse  using  the  outer  drive 
at  high  frequency  (step  4)  has  been  evaluated.  This  response  will  be  sensitive  to  only  the 
first  layer  edge  response  and  can  be  used  to  rtanove  the  first  layer  edge  response  from  the 
lower  frequeiKy  responses.  It  is  not  clear  at  this  time  if  this  step  would  be  required  but  it 
does  make  the  analysis  more  straightforward  since  it  removes  any  ambiguity  regarding  the 
location  of  the  first  layer  edge  and  provides  an  additional  prediction  of  the  edge  responses. 

All  the  above  scaling  factors  are  derived  from  standards,  adjacent  holes  in  the 
inspected  area  or  from  previously  stored  inspections.  Using  an  adjacent  hole  results  in  the 
most  accurate  compensation. 

After  the  structure  response  has  been  determined  two  possibilities  were  evaluated 
for  the  displaying  of  inspection  results.  The  first  possibility  was  to  display  the  response 
with  all  non-relevant  responses  removed  by  compensation.  This  is  the  simplest  to  interpret 
but  requires  all  compensation  routines  to  work  error  free  or  at  least  the  errors  must  be 
clearly  distinguishable  from  CUFs  and  do  not  mask  CUFs.  The  second  possibility  had  two 
displays  shown  at  the  same  time,  the  display  on  the  left  showing  the  iimer  drive  response 
and  the  right  side  showing  the  outer  drive  response.  Both  responses  are  shown  with  lift-off 
and  off-center  removed.  The  outer  drive  response  is  also  properly  scaled  to  show  the 
structure  response  in  the  same  scale  as  the  inner  drive  response.  This  type  of  display 
requires  at  little  more  interpretation  but  also  provides  more  latitude  for  errors  in  the 
compensation  routines.  Some  further  evaluations  will  be  required  to  resolve  which 
approach  will  be  best. 

3.5  CUF  Response  and  Sizing 

The  response  remaining  after  the  full  compensation  routine  has  been  applied  is 
ideally  only  due  to  CUFs.  Typically  some  small  amount  of  response  due  to  errors  or 
inadequacies  in  the  compensation  routine  will  remain.  To  resolve  a  CUF  response  from 
this  error  response  an  additional  algorithm  is  applied.  Two  parameters  can  be  used  to 
identify  a  CUF,  its  phase  versus  depth  dependence  and  it's  spatial  spectral  content  (shape) 
for  a  given  drive  frequency.  The  response  due  to  a  first  layer  CUFs  are  highly  localized  to 
just  a  few  sense  coils  and  have  a  phase  close  to  that  of  an  off-center  response.  The  phase 
of  an  off-center  response  can  be  used  as  the  reference  phase  for  the  first  layer.  As  a  CUF 
becomes  larger  (1  mm)  there  is  a  phase  difference  from  the  off-center  response  but  for 
small  CUFs  (0.5  nun)  the  phase  is  very  close  to  that  of  an  off-center  response.  First  layer 
CUFs  are  identified  by  their  sharp  response  shape  and  located  in  the  first  layer  by  their 
phase  and  high  frequency  response. 

Second  layer  CUFs  (deeper  than  2  mm  from  the  surface)  will  not  be  detected  in  the 
high  frequency  (10  kHz)  response  used  for  lift-off  and  off-center  compensation.  Second 
layer  CUFs  will  appear  in  the  lower  frequency  response.  The  phase  of  the  CUF  response 
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will  be  shifted  dependent  on  the  frequency  and  d^h  of  the  CUF.  The  thicker  the 
overlying  skin  the  greater  the  phase  difference  between  the  CUF  and  an  off-center 
response  at  a  given  frequency.  For  example,  at  an  in^)ection  frequency  of  1.2  kHz  the 
phase  difference  between  an  off-center  and  a  second  layer  CUF  under  a  4. 1  mm  sldn  will 
be  close  to  90  degrees.  The  phase  of  the  second  layer  CUF  is  approximately  90  degrees  at 
one  eddy  current  skin  depth  and  can  be  estimated  by  the  following  equation; 

(4)  Second  Layer  CUF  Phase  =  90  degrees  *  1st  Layer  Skin  Thickness/Skin  Depth 

A  routine  is  used  in  which  the  phase  of  the  anticipated  error  response  and  the 
phase  of  the  second  layer  CUF  are  input  (this  could  be  modified  to  be  input  in  depth).  This 
routine  will  then  segregate  the  CUF  response  from  the  error  response.  The  resulting 
response  will  essentially  display  the  response  from  a  depth  slice  in  the  part.  A  preliminary 
effort  was  made  to  make  this  an  iterative  process  in  which  the  routine  will  hunt  for  the 
CUF  phase  rather  than  requiring  a  phase  to  be  preselected.  Also  the  inclusion  of  a  series  of 
additional  responses  at  different  frequencies  into  the  routine  was  considered.  The  idea 
being  that  they  could  be  combined  to  give  improved  resolution  with  depth.  This  approach 
appears  to  be  promising  but  requires  too  complex  of  a  calibration  routine  to  be  of  practical 
interest  at  present. 

Estimating  the  size  of  a  CUF  can  be  most  easily  accomplished  by  simply  observing 
the  magnitude  of  the  CUF  response  and  correlating  this  magnitude  with  a  reference 
standard  or  previously  stored  calibration  table  for  this  inspection  application.  The 
horizontal  display  axis  could  be  adjusted  to  a  non-linear  scale  reading  in  CUF  length  based 
on  the  calibration  table.  Estimates  within  10%  to  20%  are  reasonable  expectations  for  this 
approach.  However,  using  this  approach  will  dependent  on  a  prior  knowledge  of  the 
relation  between  cross-sectional  shape  and  radial  length  of  the  CUF.  To  overcome  this 
limitation  requires  hat  the  systems  depth  resolution  be  substantially  improved.  This  may  be 
possible  by  using  a  multiple  frequency  measurement  approach  as  outlined  in  the  preceding 
paragraph. 
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SECTION  4 


TASK  HI .  DESIGN  EVALUATION 

In  this  task,  the  system  design  improvements  devdoped  in  Tasks  I  and  II  are 
evaluated.  A  description  of  the  effectiveness  of  these  improvements  is  reported. 

4.1  Validation  Exercise 

In  order  to  evaluate  the  effectiveness  of  the  LFECA  system  in  a  manner  which 
would  provide  the  most  honest  evaluation  of  h's  abilities  an  independent  evaluation  was 
sought.  Arraignmoits  were  made  to  perform  the  validation  exercise  established  by  the 
FAA  at  Sandia  National  Laboratories  in  Albuquerque,  New  Mexico.  This  exercise  was 
performed  at  no  cost  to  this  program.  The  extf  cise  was  established  as  a  blind  test  of  the 
abilities  of  eddy  current  equipment  to  inspect  a  lap  joint  typical  of  a  commercial  airline 
fuselage.  The  exercise  consists  of  the  inspection  of  forty-three  specimens  with  each 
specimen  containing  twenty  fastener  holes.  Figure  36  shows  a  sketch  of  the  specimen 
configuration.  Specimens  were  constructed  usit^  two  1  mm  thick  2024-t3  aluminum 
sheets  which  were  fastened  together  with  three  rows  of  4  mm  diameter  aluminum  flush 
head  rivets.  Fatigue  cracks  were  grown  in  the  first  layer  of  sdected  holes  prior  to  riveting 
the  panels.  A  range  of  crack  sizes  fi'om  0.3  mm  to  25  mm  (a  hole  to  hole  crack)  were 
grown  within  a  ±22  degree  orientation  (  0  d^rees  being  the  direction  from  hole  to  hole). 
Holes  with  cracks  on  one  and  both  sides  of  the  hole  were  present.  Specimens  contained 
either  none,  a  low,  a  medium  or  a  hi^  nund)er  of  cracks.  A  total  of 860  holes  were 
inspected  with  708  being  unflawed  holes. 

The  validation  exercise  contains  only  first  layer  CUFs,  however,  the  large  number 
of  specimens  to  be  inspected  with  real  CUFs  were  thought  to  present  an  unique  experience 
which  would  be  instructive  in  the  evaluation  of  the  LFECA  system. 

A  Sandia  National  Lab  employee  acted  as  the  monitor,  recording  the  location  of 
each  flaw  indication  according  to  the  inspectors  instructions.  Additionally,  either*  a  high, 
medium,  or  low  level  of  confidence  was  assigned  by  the  operator  for  each  flaw  indication 
called.  Confidence  was  recorded  as  a  number  from  I  to  3  with  3  being  the  highest 
confidence  level. 

To  fully  appreciate  the  detection  requirements  you  need  to  con«der  the  geometry 
of  the  cracks.  The  1 00  degree  countersink  used  for  the  flush  head  fasteners  comes  to  a 
knife  edge  at  the  bottom  of  the  first  layer.  This  means  that  a  crack  will  have  a  triangular 
shape  until  it  extends  beyond  the  countersink  (>1.2S  mm).  The  response  of  the  LFECA 
system  to  a  crack  will  be  approximately  proportional  to  the  cross-sectional  area  of  the 
crack.  This  means  that  for  cracks  less  than  1.25  mm  the  CUF  response  will  be 
proportional  to  the  square  of  the  crack  length.  There  is  an  additional  geometric  &ctor 
which  reduces  the  CUF  response  by  another  half  Also  there  will  be  some  burring  and 
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20  RIVET  ROWS  PER  SPECIMEN  -  ONLY  TOP  RIVETS  INSPECTED 

\  ALUMINUM  RIVETS 

4  mm  dia. 

FIGURE  36.  SPECIMEN  CONFIGURATION  USED  IN  VALIDATION  EXERCISE. 


PROBABIUTY 
OF  DETECTION 


CRACK  LENGTH  (Inches)  (0.039  inch/mm) 


SECOND  EXERCISE 

EXPERIENCED  OPERATOR  •  BILL  SHEPPARD 
PROBE  DUMETER  •  ISnm 
CRACK  STANDARD  •  1  mm 
COMPENSATION  ALGORITHMS 


BRST  EXERCISE 

INEXPERIENCED  OPERATOR  ■  OWEN  MANNING 
PROBE  DUMETER  •  IS  mm 
CRACK  STANDARD  -  2.6  mm 
NO  COMPENSATION  ALGORITHMS 


FIGURE  37.  PROBABILITY  OF  DETECTION  (POD)  CURVE  FOR 
VALIDATION  EXERCISES. 
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fraying  at  the  knife  edge  of  the  countersink  which  will  add  some  noise  level  on  the  scale  of 
a  ±0.25  mm. 

The  validation  exercise  was  perfontied  twice.  The  first  time  an  inspector  with  <mly 
cursory  training  on  the  syston  was  used.  Also  at  th^  time  no  compensation  routines  were 
available  in  the  system.  After  the  first  five  panels  were  inspected,  which  essentially 
constituted  the  inspector's  training  program,  no  fidse  calls  were  made  and  the  majority  of 
cracks  over  1 .25  mm  were  detected.  These  results  were  not  indicative  of  the  results  to  be 
expected  using  the  ^stem.  Howevo-,  the  reasons  for  the  less  than  q>timum  performance 
of  the  system/operator  were  very  instructive. 

Several  factors  effecting  the  performance  were  discovered  and  remedied.  First  the 
operator  used  a  Boeing  standard  to  set  the  display  height  for  the  in^)ection.  The  display 
was  set  to  show  a  2.5  mm  slot  on  the  Boeing  staiidard  at  80%  of  the  screen  height.  The 
difficulty  with  this  set-up  is  that  a  2.5  mm  slot  will  be  more  than  1 5  times  greater  than  a  1 
mm  CUF.  The  result  being  that  smaller  CUFs  would  be  missed  by  the  operator.  It  was 
clearly  apparent  that  this  was  the  case  after  reviewing  the  stored  inspection  results  with 
proper  display  settings.  A  large  number  of  smaU  CUFs  that  were  easy  to  identify  were 
passed  over  by  the  inspector.  Two  possible  solutions  were  considered  for  this  problem.  A 
display  with  a  non-linear  horizontal  axis  could  be  used  or  the  display  could  be  set-up  using 
a  smaller  CUF  (1  mm).  Setting  up  on  a  smaller  CUF  was  the  solution  used  for  the  next 
inspection.  The  file  handling  routine  was  also  changed  so  that  the  display  settings  are  now 
saved  and  recalled  as  part  of  the  set-up  for  an  inspection  application. 

Another  difficulty  experienced  by  the  operator  was  interpreting  the  lift-off  and  off- 
center  responses  caused  by  the  non-flat  surfaces  of  the  specimens.  This  was  resolved  by 
using  the  compensation  routines  for  the  next  inspection.  It  was  also  discovered  that  the 
system  did  not  store  enough  information  about  the  inspection  settings  to  fully  recreate 
what  the  inspector  had  done.  This  was  rather  simple  to  fix. 

For  the  second  validation  exercise  an  experienced  operator  of  the  LFECA  system 
was  used,  all  compensation  routines  were  used,  and  the  system  was  properly  set-up.  The 
result  of  this  exercise  was  that  all  CUFs  greater  than  1  mm  were  detected  with  a  level  3 
confidence  level  with  no  level  3  false  calls.  Fifty  percent  of  the  0.75  to  1  mm  CUFs  were 
detected  with  a  confidence  level  of  3  or  2.  Thirty-eight  percent  of  the  0.5  to  0.75  nun 
CUFs  were  detected  with  a  confidence  level  of  3  or  2.  A  total  of  six  level  2  confidence 
level  false  calls  were  made.  Of  these  six  false  calls,  two  were  on  holes  without  a  CUF  out 
of  a  total  of  708  unflawed  holes  (0.28%  false  call  rate).  The  four  false  calls  on  holes  with 
a  CUF  were  due  to  trying  to  interpret  the  presence  of  a  small  CUF  on  the  opposite  side 
from  a  large  CUF. 

Figures  37  shows  the  Probability  of  Detection  (POD)  curves  from  these  exercises. 
POD  and  95%  confidence  levels  are  shown  for  both  times  the  validation  exercise  was 
performed.  The  results  of  the  second  validation  exercise  should  be  taken  as  the  current 
status  of  the  LFECA  system  capabilities.  The  first  set  of  validation  exercise  results  are 
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shown  only  to  indicate  the  improvement  in  performance  achieved  by  implementing  some 
of  the  design  improvements  developed  in  this  program. 

The  most  di£Scult  situation  for  detecting  a  CUF  was  when  there  was  a  small  CUF 
on  the  opposite  side  from  a  large  CUF.  Small  arors  in  the  off-center  con4)aisation 
routine  caused  by  the  large  CUF  would  tend  to  mask  a  smaller  CUF  located  on  the 
opposite  side  of  the  hole.  Some  minor  adjustments  in  the  compensation  routines  are  being 
considered  to  correct  this  problem. 

The  probe  used  for  this  exercise  was  actually  not  the  optinuun  probe  for  this 
inspection.  If  a  smaller  probe  was  constructed  for  this  inspection  application  it  would  be 
reasonable  to  anticipate  almost  all  0.75  mm  CUFs  would  be  detected  and  a  larger 
percentage  of  the  0.5  mm  CUFs  would  be  detected  with  high  confidence. 

4.2  Breadboard  Design 

A  great  deal  of  probe  design  concept  evaluations  are  reported  in  section  2  of  this 
report.  Since  no  complete  LFECA  probes  were  constructed  in  this  program,  proposed 
design  improvements  will  be  evaluated  based  on  the  results  of  the  breadboard  design  task 
experiments  reported  in  section  2.  The  majority  of  experiments  involved  measurements 
which  can  be  related  back  to  the  original  LFECA  probe  designs  for  which  the  detection 
capabilities  have  been  documented.  Laboratory  experiments  have  shown  the  detection 
limit  for  the  original  LFECA  probe  design  was  a  2.5  nun  CUF  located  in  a  6.4  nun  thick 
aluminum  second  layer  under  a  6.4  mm  thick  aluminum  skin. 

The  primary  limitation  of  the  original  LFECA  probe  design  was  found  to  be  the 
conflicting  design  requirements  for  a  probe  required  to  inspect  deep  into  a  structure.  The 
origirud  design  would  require  the  probe  core  diameter  to  increase  for  iiKreased  penetration 
depth.  This  requirement  would  also  force  the  sense  coils  out  further  from  the  fastener  hole 
as  the  core  diameter  increased.  From  the  results  of  the  experiments  performed  in  this 
program  it  would  be  advantageous  to  increase  the  sense  coil  size  and  retain  them  closer  to 
the  fastener  hole.  New  designs  based  on  this  approach  will  have  better  sensitivity  to  CUFs 
and  a  reduced  sensitivity  to  adjacent  structure.  Several  designs  based  on  this  approach  are 
to  be  constructed  for  foture  LFECA  systems.  Based  on  the  experimental  evaluations  a 
50%  sensitivity  increase  from  the  original  design  is  anticipated  for  the  new  designs. 
Further  evaluations  on  the  detection  of  deep  flaws  and  the  generation  of  a  CUF  sensitivity 
versus  depth  chart  for  CUFs  needs  to  be  established  with  these  new  probes. 

As  a  by  product  of  the  evaluations  performed  in  this  program  it  has  become 
apparent  that  a  significant  improvement  in  performance  could  be  achieved  by  improving 
the  LFECA  system's  electronics.  This  effort  was  outside  of  the  scope  of  this  project  but 
the  potential  for  improvement  and  the  design  solutions  were  made  apparent  by  the  efforts 
in  this  program.  Changes  in  the  drive  circuitry,  probe  cable,  and  input  circuitry  could  be 
simply  implemented  resulting  in  a  clear  improvement  in  performance. 
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4.3  Algorithm  Development 

Section  3  contains  a  significant  amount  of  analysis  on  the  algorithm  designs.  The 
validation  exercise  and  evaluations  on  test  specimens  in  the  laboratory  have  pointed  out 
the  strengths  and  weaknesses  in  the  compensation  routines  implemented  in  tl^  program. 
The  routines  for  off-center  and  lift-off  compensation  will  be  further  refined  based  of  these 
evaluations.  These  routines  appear  to  work  quite  well  and  are  very  effective  in  simplifying 
and  speeding  the  inspection.  The  routines  for  structural  compensation  have  shown  to  be 
very  good  at  isolating  and  identifying  the  structural  response  v^ch  enables  the  operator  to 
accurately  interpret  inspection  results.  However,  they  do  require  a  higher  degree  of 
inspector  skill/understanding  to  be  accurately  interpreted  in  certain  cases.  With  further 
refinement  and  experience  using  these  routines  they  could  be  made  to  be  more  generic  and 
transparent  to  the  operator.  Implementing  a  nonlinear  display  scale  which  would  be  linear 
with  CUF  size  would  simplify  CUF  sizing.  A  modification  of  the  display  to  convert 
response  phase  into  CUF  depth  would  also  be  a  straight  forward  and  helpfUl  improvement. 
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SECTIONS 


CONCLUSIONS 

The  objective  of  this  program  was  to  design  an  eddy  current  inq>ection  system  to 
detect  CUFs  in  the  second  layer  of  fastened  aluminum  aircraft  structures  without  requiring 
the  ronoval  of  fastenm.  Northrop's  LFECA  system  was  used  as  a  basdine  system  fix' 
which  design  improvements  were  developed  to  improve  second  layer  CUF  detection 
capability. 

A  wealth  of  information  was  developed  in  the  program  on  LFECA  probe  design. 
The  following  is  a  list  of  some  potential  dedgn  solutions  and  factors  effecting  probe 
deagn  that  were  evaluated; 

•  Effect  of  driving  frequency,  CUF  depth  and  size  on  the  three  dimensional  fields 
generated  by  a  CUF.  Similar  experiments  also  determined  these  relationships  for  the 
case  of  an  off-centered  probe,  structural  edges,  and  ferromagnetic  festeners. 

•  Potential  variations  in  sense  coil  design  such  as  coil  placement,  field  component  sensed 
(sense  coil  orientation),  and  multiple  sense  coil  arrays  were  evaluated.  All  were 
evaluated  for  their  potential  for  improving  CUF  sensitivity  and  improving  the  ability  to 
segregate  CUF  responses  from  structural  feature  responses. 

•  The  shape  and  size  of  the  probe  core  were  evaluated.  The  majority  of  emphasis  being 
placed  on  the  evaluation  of  circular  array  probe  shapes  due  to  the  circular  symmetry  of 
the  CUF  inspection.  However,  several  linear  variations  were  investigated  with  very 
promising  results. 

•  Drive  coil  shape  and  size,  and  multiple  drive  coil  arrangements  were  investigated  for 
the  effect  on  CUF  and  structural  feature  response. 

The  result  of  these  evaluations  is  a  vast  database  of  LFECA  probe  design 
knowledge  from  which  new  LFECA  probe  designs  can  be  constructed  with  greatly 
improved  performance  for  a  range  of  applications.  Improvements  in  both  the  CUF 
detection  sensitivity  ,  detection  depth,  and  independence  firom  complex  structure  can  be 
achieved.  A  50  to  100  percent  improvement  in  sensitivity  is  predicted  for  new  probe 
designs  based  on  this  program. 

In  the  algorithm  development  task,  software  algorithms  were  developed  to  isolate 
and  identify  CUF  responses  from  structural  features.  Compensation  algorithms  were 
developed  for  probe  off-center,  lift-off,  fastener  features,  and  structural  edges.  These 
algorithms  used  the  unique  features  of  the  LFECA  probe  derign,  such  as  multiple  drive 
coils  and  sense  coil  arrays,  in  combination  with  a  multiparameter  analyus  method. 
Evaluations  of  these  algorithms  demonstrated  their  ability  to  improve  inspection  speed  and 
reliability.  The  need  for  accurate  centering  of  the  probe  over  a  fastener  hole  was 
minimized  and  structure  effects  were  segregated  from  CUF  responses  to  simplify 
inspection  interpretation. 
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An  evaluation  of  CUF  detection  reliability  was  conduced  in  an  independently 
monitored  exercise  at  the  FAA  Aging  Aircraft  NDI  Validatior  Center  at  Sandia  National 
Laboratories.  These  exercises  were  not  siq>ported  by  this  program.  However,  the  results 
of  these  exercises  were  used  to  optimize  and  validate  the  in^)ection  procedures  and 
algorithms  developed  in  this  program.  These  exercises  demonstrated  the  improvement  in 
CUF  sensitivity  and  reliability  achieved  by  implementing  the  conq)ensation  algorithms 
developed  in  this  program.  Figure  37  shows  the  POD  curves  generate  for  these  exercises 
in  which  all  CUFs  1  nun  or  greater  were  detected  without  ftlse  calls. 

A  great  potential  for  further  improvonent  in  crack  detection  capability  for  the 
LFECA  system  was  indicated  by  the  following  program  results; 

•  LFECA  probe  design  evaluations  showed  that  the  greatest  potential  for  sensitivity 
improvement  would  be  for  the  detection  of  CUFs  under  skins  greater  than  5  nun  thick. 
Implementing  and  extending  the  results  of  these  evaluations  could  dramatically 
improve  crack  inspection  capability  in  thick  multilayer  structures. 

•  Alternate  probe  geometries  were  evaluated  which  would  be  attractive  candidates  for 
implementation  in  a  corrosion  or  general  crack  detection  system.  For  example 
implementing  a  linear  LFECA  probe  design  would  extend  the  system's  inspection 
capabilities  to  crack  detection  in  bulkhead  substructure. 

•  The  use  of  probe  motion  was  shown  to  improve  CUF  sensitivity.  Implementation  of  a 
LFECA  system  with  automated  motion  and  imaging  capability  could  be  developed. 
This  would  increase  inspection  rates  and  senativity  while  also  simplifying  the 
interpretation  of  complex  structure  inspections. 

In  conclusion,  this  program  was  successful  in  demonstrating  potential  design 
options  which  would  result  in  immediate  improvement  and  forms  the  foundation  for  future 
improvements  in  CUF  detection  capability  for  complex  aircraft  substructures. 
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